Electrochemical Behavior of Carbon Nanostructured Electrodes: Graphene, Carbon Nanotubes, and Nanocrystalline Diamond by Raut, Akshay Sanjay
    
  
Electrochemical  Behavior  of  Carbon  Nanostructured  Electrodes:  Graphene,  Carbon  
Nanotubes,  and  Nanocrystalline  Diamond  
by  
Akshay  Sanjay  Raut  





















Dissertation  submitted  in  partial  fulfillment  of  
the  requirements  for  the  degree  of  Doctor  
of  Philosophy  in  the  Department  of  
Electrical  and  Computer  Engineering  in  the  Graduate  School  







Electrochemical  Behavior  of  Carbon  Nanostructured  Electrodes:  Graphene,  Carbon  
Nanotubes,  and  Nanocrystalline  Diamond  
by  
Akshay  Sanjay  Raut  





















An  abstract  of  a  dissertation  submitted  in  partial  
fulfillment  of  the  requirements  for  the  degree  
of  Doctor  of  Philosophy  in  the  Department  of  

















































The  primary  goals  of  this  research  were  to  investigate  the  electrochemical  
behavior  of  carbon  nanostructures  of  varying  morphology,  identify  morphological  
characteristics  that  improve  electrochemical  capacitance  for  applications  in  energy  
storage  and  neural  stimulation,  and  engineer  and  characterize  a  boron-­‐‑doped  diamond  
(BDD)  electrode  based  electrochemical  system  for  disinfection  of  human  liquid  waste.    
   Carbon  nanostructures;  ranging  from  vertically  aligned  multiwalled  
carbon  nanotubes  (MWCNTs),  graphenated  carbon  nanotubes  (g-­‐‑CNTs)  to  carbon  
nanosheets  (CNS);  were  synthesized  using  a  MPECVD  system.  The  nanostructures  were  
characterized  by  using  scanning  electron  microscopy  (SEM)  and  Raman  spectroscopy.  In  
addition  to  employing  commonly  used  electrochemical  techniques  such  as  cyclic  
voltammetry  (CV)  and  electrochemical  impedance  spectroscopy  (EIS),  a  new  technique  
was  developed  to  evaluate  the  energy  and  power  density  of  individual  electrodes.  This  
facilitated  comparison  of  a  variety  of  electrode  materials  without  having  to  first  develop  
complex  device  packaging  schemes.  It  was  found  that  smaller  pore  size  and  higher  
density  of  carbon  foliates  on  a  three-­‐‑dimensional  scaffold  of  carbon  nanotubes  increased  
specific  capacitance.  A  design  of  experiments  (DOE)  study  was  conducted  to  explore  the  
parametric  space  of  the  MWCNT  system.  A  range  of  carbon  nanostructures  of  varying  
    
v  
morphology  were  obtained.  It  was  observed  that  the  capacitance  was  dependent  on  
defect  density.  Capacitance  increased  with  defect  density.  
   A  BDD  electrode  was  characterized  for  use  in  a  module  designed  to  
disinfect  human  liquid  waste  as  a  part  of  a  new  advanced  energy  neutral,  water-­‐‑  and  
additive-­‐‑free  toilet  designed  for  treating  waste  at  the  point  of  source.    The  electrode  was  
utilized  in  a  batch  process  system  that  generated  mixed  oxidants  from  ions  present  in  
simulated  urine  and  inactivated  E.  Coli  bacteria.  Among  the  mixed  oxidants,  the  
concentration  of  chlorine  species  was  measured  and  was  found  to  correlate  to  the  
reduction  in  E.  Coli  concentration.  Finally,  a  new  operating  mode  was  developed  that  
involved  pulsing  the  voltage  applied  to  the  BDD  anode  led  to  66%  saving  in  energy  
required  for  disinfection  and  yet  successfully  reduced  E.  Coli  concentration  to  less  than  
the  disinfection  threshold.  
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  1  
1 Introduction and Background 
1.1 Goals 
The  principle  goal  of  this  study  was  to  investigate  the  electrochemical  behavior  
of  carbon  nanostructures  of  varying  morphology  —  from  carbon  nanotubes  (CNTs)  to  
synthetic  diamond  —  for  application  in  the  field  of  electrochemical  energy  storage,  
neural  stimulation,  and  electrochemical  disinfection.    
First,  an  electrochemical  technique  to  evaluate  the  energy  and  power  
performance  of  individual  electrodes  was  required.  This  facilitated  direct  comparison  of  
electrodes  with  varying  morphology.  The  next  step  varied  the  morphology  of  vertically  
aligned  multiwalled  carbon  nanotubes  (MWCNTs)  in  order  to  improve  capacitive  
performance.  On  achieving  this,  a  design  of  experiments  study  (DOE)  was  initiated  to  
investigate  the  parametric  space  for  sp2-­‐‑bonded  carbon  deposition  in  a  MPECVD  
system.  A  variety  of  carbon  nanostructures  with  widely  different  morphologies  were  
obtained.  Chief  amongst  these  were  MWCNTs  with  graphene-­‐‑like  foliates  growing  from  
the  sidewalls,  termed  graphenated  CNTs  (g-­‐‑CNTs).  g-­‐‑CNTs  combine  the  high  surface  
area  of  CNTs  and  high  edge  capacitance  of  graphene.  g-­‐‑CNTs  were  further  studied  to  
understand  the  effect  of  these  edges  on  the  frequency  dependent  capacitance.  These  
results  combined  with  the  electrochemical  results  from  the  DOE  enhanced  the  
understanding  of  the  effects  of  various  carbon  nanostructure  morphologies  on  
electrochemical  behavior.  
  2  
The  final  goal  of  this  research  was  to  use  boron  doped  diamond  (BDD)  diamond  
electrodes  for  disinfection  of  human  liquid  waste.  A  module  was  developed  as  a  part  of  
an  energy-­‐‑neutral,  water-­‐‑  and  additive-­‐‑free  toilet  being  developed  for  the  less  developed  
world.    This  included  a  study  of  the  electrochemical  generation  of  mixed  oxidants  at  a  
BDD  electrode  and  their  effect  on  bacteria  concentration  in  human  liquid  waste.  Lastly,  
operating  techniques  to  minimize  energy  consumption  were  explored.      
1.2 Motivation 
Traditional  electrolytic  (parallel  plate)  capacitors  have  high  power  density  but  
very  low  energy  density.  However,  batteries  have  high  energy  density  but  low  power  
density.  This  means  that  although  batteries  can  run  on  a  single  charge  for  hours,  they  are  
not  capable  of  delivering  high  current,  i.e.,  high-­‐‑energy  delivery,  in  short  time  period.  
This  is  a  big  issue  today  where  sustainable  energy  sources  such  as  wind  and  solar  
generate  power  discontinuously  over  relatively  shorter  periods  of  time.  An  energy  
storage  device  is  required  that  can  rapidly  capture  charge  when  it  is  available  and  
deliver  it  efficiently  to  loads  as  required.  This  also  finds  application  in  electric  vehicles.  
Electric  vehicles  capture  energy  from  braking  regeneratively  to  recharge  their  batteries  
to  increase  their  effective  range.  The  absence  of  a  fast-­‐‑charging  energy  storage  device  
affects  the  efficiency  of  electric  vehicles  to  a  great  extent.  Moreover,  battery  technology  
has  not  progressed  as  rapidly  as  semiconductor  technology.  This  has  left  us  with  
smartphones  and  tablets  that  need  to  be  recharged  every  day  or  even  more  frequently.  
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Carbon  nanostructured  electrodes  have  the  physical  and  chemical  properties  to  
potentially  work  as  electrodes  in  an  energy  storage  device  that  can  fit  all  above  
requirements.  This  will  require  a  deeper  understanding  of  these  nanostructures  and  
their  electrical  and  electrochemical  behavior.  This  was  a  significant  motivation  for  me  to  
pursue  research  in  this  field.    
Millions  of  people  across  the  world  are  affected  by  lack  of  sanitation  and  proper  
hygiene.  According  to  the  World  Health  Organization  (1),  ~2  billion  people  across  the  
planet  lack  access  to  proper  sanitation.  This  leads  to  disease  and  death.  Improving  
sanitation  the  traditional  way  will  require  trillions  of  dollars  of  investments  in  sewage  
and  toilet  infrastructure  in  a  world  with  scarce  investment  resources.  What  is  required  is  
a  novel  solution  that  uses  advanced  but  affordable  technology  to  avoid  the  spread  of  
disease  while  treating  waste  at  the  point  of  source  without  using  external  energy  or  
water.  Carbon  nanostructures  again  hold  promise  to  provide  such  a  solution.  Synthetic  
diamond  films  have  the  ability  to  disinfect  wastewater  by  using  solar  power.  The  
potential  for  this  technology  is  immense.    The  potential  to  change  the  lives  of  millions  
for  the  better  has  been  a  strong  source  of  inspiration  for  me.  
1.3 Fundamentals of CNTs 
Carbon  nanotubes  in  their  simplest  form  can  be  thought  of  as  graphene  planes  
rolled  up  to  form  tubular  structures  (2).  Hence  their  electronic  properties  are  closely  
related  to  graphene.  Carbon  has  the  electronic  structure  1s2  2s2  2p2.  Carbon  forms  a  
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variety  of  bonds  by  promoting  one  of  its  2s  electrons  to  2p.  In  graphite,  one  of  these  2s  
electrons  hybridizes  with  the  2p  electrons  to  form  three  σ-­‐‑bonded  sp2  orbitals  with  an  
angles  of  120°.  The  remaining  electron  is  in  a  pz  (π)  configuration  perpendicular  to  the  
plane  of  the  other  three  bonds.  This  π  orbital  provides  weak  van  der  Waals  forces  
between  the  planes.  The  overlap  of  the  π  orbitals  of  adjacent  atoms  in  graphene  gives  it  
its  relatively  high  conductivity  (3).  How  a  nanotubes  inherits  these  electronic  properties  
of  graphene  depends  greatly  upon  the  axis  or  direction  along  which  the  plane  is  rolled  
vis-­‐‑à-­‐‑vis  its  lattice  structure.  The  density  of  states  spectra  of  single-­‐‑walled  carbon  
nanotubes  (SWCNTs)  has  a  strong  dependence  on  the  chirality  of  the  tubes  (4).  This  
orientation  is  quantified  by  means  of  a  chiral  vector  Ch  =  na1  +  ma2  which  joins  two  
points  on  the  lattice  as  shown  in  Figure  1  (5).  
  
Figure  1:  Chiral  vector  on  graphene  plane  (5)    
  5  
a1  and  a2  are  the  base  lattice  vectors  and  n  and  m  are  numbers  that  give  the  tube  
their  unique  structure.  A  nanotube  can  be  thought  to  be  made  by  taking  a  long  sectional  
cut  perpendicular  to  the  chiral  vector  and  then  rolling  the  resulting  strip  to  form  a  
hollow  tube.  The  chiral  angle  θ  is  the  given  by  the  following  (3):  
θ  =  sin-­‐‑1[√3  m/(2√(n2  +  nm  +m2)]               -­‐‑  1  
   The  chirality  of  the  tubes  change  based  on  this  angle  which  ranges  from  0°  to  30°.  
Tubes  with  θ  =  0°  are  called  zigzag  tubes  while  those  with  θ  =  30°  are  called  armchair  
tubes.  All  other  tubes  are  called  chiral  tubes  (Figure  2  (5)).  
  
Figure  2:  Tubes  with  different  structures  (a)  Armchair  tubes  (b)  Zigzag  tubes  
(c)  Chiral  tubes  (5)    
In  general  SWNTs  with  (n,m)  an  integer  multiple  of  3  are  metallic  or  semi-­‐‑
metallic  while  all  other  tubes  are  semiconducting  (6).  MWCNTs  in  their  simplest  form  
consist  of  parallel  graphene  planes  rolled  up  to  make  concentric  cylinders.  In  such  a  case  
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the  concentric  walls  are  parallel  to  each  other.  MWCNTs  have  been  shown  to  be  ballistic  
conductors  at  room  temperature.  This  conduction  is  due  1D  transport  through  the  
surface  layer  (7).  In  what  are  called  the  bamboo  structured  MWCNTs  (Figure  3  (8)),  the  
dangling  bonds  at  the  ends  of  the  graphite  basal  planes  are  passivated  by  hydrogen  
passed  during  the  MPECVD  growth  (9).  
  
Figure  3:  Basal  plane  alignment  in  multiwalled  CNTs  (a)  Bamboo  structure  (b)  
Perfectly  parallel  planes  (8)  
1.4 CNT Growth 
Chemical  Vapor  Deposition  (CVD)  of  CNTs  involves  decomposition  of  
hydrocarbons  in  the  gas  phase  onto  catalyst  particles.  In  thermal  CVD  methods,  
alignment  is  achieved  by  the  so-­‐‑called  crowding  effect  where  adjacent  tubes  help  
alignment  due  to  Van  der  Waals  interaction  (8).  MPECVD  techniques,  such  as  that  
utilized  in  the  present  research,  can  provide  alignment  due  to  the  electric  field  in  the  
glow  discharge  (10)  in  addition  to  crowding.  Properties  of  the  catalyst  particles  dictate  
the  morphology  of  the  tubes  to  a  great  extent.  The  size  of  the  catalyst  particle  can  control  
the  morphology,  ranging  from  the  number  of  walls  in  a  multi-­‐‑walled  tube  to  the  
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formation  of  a  bamboo/coned  structure  (11).  Cui,  et  al  (12)  have  shown  that  the  length  of  
the  tubes  is  dependent  on  the  plasma  temperature.  They  have  also  demonstrated  that  
the  inter-­‐‑bamboo  (cone)  sub-­‐‑structure  distance  is  dependent  on  the  ammonia/methane  
gas  ratio  and  the  temperature.  Because  alignment  is  not  dependent  on  adjacent  van  der  
Waals  interaction,  free  standing  or  isolated  tubes  can  be  grown.    
In  the  MPECVD  system  utilized  in  the  present  research,  standing  
electromagnetic  waves  were  used  to  strike  a  glow  discharge.  Growth  occurred  on  a  
heated  sample  stage  in  a  stainless  steel  chamber  (Figure  4  (13)).  The  substrate  was  coated  
with  a  film  of  the  catalyst  material  between  1  and  5  nm  in  thickness  and  placed  in  the  
plasma  chamber.  In  the  pretreatment  phase,  the  sample  was  heated  to  ~800°  C  in  a  
hydrogen  environment.  This  results  in  the  dewetting  of  the  catalyst  wherein  the  catalyst  
“beads  up”  to  form  nanoparticles  on  the  substrate  surface.  A  microwave  plasma  was  
then  struck,  which  initiated  tube  growth  when  methane/acetylene  and  ammonia  gases  
were  passed  into  the  chamber.  
The  parameters  that  were  controlled  during  the  growth  of  CNTs  in  the  MPECVD  
system  included  gas  composition,  pressure,  temperature,  and  RF  power.  Growth  
happened  in  3  phases.  
1.  Heat  up:    In  this  phase  the  chamber  was  heated  to  about  830°  C  at  low  pressure.  
2.  Pre-­‐‑treatment:    In  this  phase  the  plasma  was  struck  and  gas  was  released  into  the  
chamber.  The  microwave  power  is  regulated  to  minimize  the  reflected  power.  
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3.  Growth:    In  this  phase  gas  with  the  growth  mixture  was  passed  for  a  defined  period  of  
time  after  which  the  microwave  source  was  switched  off  and  heating  stopped.  
  
Figure  4:  Schematic  of  a  microwave  plasma  enhanced  chemical  vapor  
deposition  system  (13)  
Heat-­‐‑up,  pre-­‐‑treatment,  and  growth  occur  in  sequence.  The  runtime  of  the  
growth  phase  determines  the  length  of  the  vertically  aligned  tubes.  For  the  915  MHz  
MPECVD  used  in  this  research,  a  growth  time  of  120  seconds  in  an  ammonia  and  
methane  environment  yields  tube  of  ~20  µμm  length.  
1.5 The Electrochemical Double Layer 
The  electrochemical  double  layer  at  the  interphase  between  an  electrode  and  an  
electrolyte  is  essentially  the  storage  of  opposite  charges  or  charged  species  by  
application  of  an  external  voltage.  The  voltage  causes  charges  to  accumulate  on  either  
side  of  the  interface,  separated  by  a  small  distance  (Figure  5  (14)).  The  maximum  charge  
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density  due  to  electrostatic  physisorption  is  at  the  outer  Helmholtz  plane  (15).  The  
double  layer  capacitance  is  given  by,  
Cdl  =  ɛA/4πd                        -­‐‑  2  
And  the  power  is  calculated  as,  
P  =  V2/4R                          -­‐‑  3  
where  V  is  applied  voltage  and  R  is  the  Equivalent  Series  Resistance  (ESR)  in  ohms.  
Thus  to  improve  the  performance  of  a  supercapacitor,  it  is  important  that  the  ESR  is  low  
and  specific  capacitance  is  high  (16).  Similarly,  ESR  and  the  resistivity  of  the  electrolyte  
also  affects  the  frequency  response  of  the  device  (17).  
   It  is  important  to  note  the  difference  between  Faradaic  and  Non-­‐‑Faradaic  
processes.  Processes  in  which  charge  accumulation  occurs  electrostatically,  with  
opposite  charges  residing  on  opposite  sides  of  an  interface  are  non-­‐‑Faradaic.  On  the  
other  hand,  charge  storage  achieved  by  electron  transfer  across  the  interface  that  
produces  a  chemical  change  in  the  electrode  material  is  faradaic  (18).  
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Figure  5:  Schematic  representation  of  an  electrochemical  double  layer  capacitor  
in  its  charged  state  and  its  equivalent  circuit  (14)  
1.6 Current State of Development of Supercapacitors 
Carbon  nanotubes  of  all  varieties  (MWCNT  and  SWCNT)  have  been  used  for  
double  layer  charge  storage.  Along  with  CNTs,  a  host  of  other  carbon  materials  such  as  
activated  carbon  are  being  used.  Amongst  commercially  available  supercapacitors  with  
aqueous  electrolytes,  energy  densities  in  the  range  of  6-­‐‑13  Wh/kg  and  power  densities  in  
the  range  of  1-­‐‑5  kW/kg  have  been  reported  (19).  Supercapacitors  using  activated  carbon  
have  reported  specific  capacitances  in  the  range  of  20-­‐‑100  F/g  (15).  The  specific  
capacitance  of  a  two  electrode  carbon-­‐‑carbon  supercapacitor  with  electrodes  made  from  
MWCNTs  (85%),  acetylene  black  (10%)  and  a  binding  agent  (5%)  was  reported  to  be  70  
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F/g  and  when  treated  with  nitric  acid  (69.5%)  for  1  hour  was  120  F/g  (15).  Tubes  treated  
with  KOH  developed  cracks  and  irregularities  along  the  surface  while  still  maintaining  
the  nanotube  structure  (20).  
There  is  evidence  that  surface  functionalization  increases  the  specific  capacitance  
of  MWCNTs  in  aqueous  electrolytes  by  increasing  the  hydrophilicity  of  the  tubes.    For  
instance,  introduction  of  carboxyl  groups  leads  to  a  3.2x  increase  in  capacitance  (21).  B.  
Zhang  et.  al.  (22)  used  nanotubes  mixed  with  polytetrafluoroethylene  (PTFE)  in  1M  
lithium  perchlorate  (LiCLO4)  with  propylene  carbonate  as  background  electrolyte.  They  
reported  a  high  energy  density  of  20  Wh/kg  and  an  ESR  of  14  ohms.  Acid-­‐‑functionalized  
tubes  also  tend  to  exhibit  higher  capacitance.  CNTs  activated  by  a  mixture  of  sulfuric  
and  nitric  acid  showed  a  2.5x  increase  in  capacitance  (22).  
Another  approach  to  increase  performance  of  CNT-­‐‑based  supercapacitors  is  the  
introduction  of  materials  exhibiting  pseudocapacitance.  Chen  et  al  (23)  reported  a  
dramatic  increase  in  specific  capacitance  by  adding  In2O3  nanowires  to  CNTs.  
Conducting  polymers  have  also  been  shown  to  enhance  capacitance.  Zhou  et  al  (24)  
obtained  a  7x  improvement  in  capacitance  by  using  pyrrole  treated  SWNTs  over  
buckypaper.  
Recent  trends  have  been  towards  modified  CNT  electrodes  such  as  by  
functionalizing  tubes  and  fabricating  CNT-­‐‑based  electrodes  from  polymers  and  other  
compounds  exhibiting  pseudocapacitance.  By  loading  CNTs  with  transition  metal  
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oxides  like  ruthenium  oxide,  the  specific  capacitance  was  shown  to  increase  2x  (25).  
Although  CNT-­‐‑based  supercapacitors  have  reported  lower  specific  capacitance  
compared  to  activated  carbon  supercapacitors,  their  higher  conductivity  results  in  better  
power  density  (19).    
Recently,  a  variety  of  carbon  nanostructures  have  been  employed  apart  from  
CNTs  and  activated  carbon.  Jiang  et  al.  (26)  have  classified  the  broad  types  of  carbon  
electrodes  that  are  being  used  as  electrodes  for  supercapacitor  applications  based  on  
their  dimensionality,  conductivity,  capacitance,  and  cost  (Figure  6  (26)).  
  
Figure  6:  Different  types  of  carbon  nanostructures  used  as  electrode  material  is  
supercapacitors  (26)  
Many  of  these  carbon  electrodes  with  different  dimensionality  are  combined  
along  with  conductive  polymers  or  pseudocapacitive  nanoparticles  to  enhance  
capacitance.  Table  1  summarizes  recent  advances  in  various  carbon  and  non-­‐‑carbon  
electrodes  for  supercapacitors.    
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Table  1:  Summary  of  recent  literature  reports  for  various  electrode  materials  
for  supercapacitor  applications  





Zhou  et  al  
(27)  
2014   CNT  +  a-­‐‑C  +  Co  
nanoparticles  
3  -­‐‑terminal   Aqueous   512  
Kim  et  al  
(28)  
2013   Activated  
graphene  
derived  carbon  
2  -­‐‑terminal   Ionic  liquid   174  
Zhou  et  al  
(29)  






Aqueous   2223  
Cui  et  al  
(30)  
2014   Mesoporous  
Graphene  
Nanofibers  
2  –terminal   Non-­‐‑
aqueous  
193  
Yu  et  al  (31)   2014   Porous  hollow  
spheres  of  NiO  
nanosheets  
3  -­‐‑terminal   Aqueous   600  
Zhang  et  al  
(32)  
2014   Split  vertically  
aligned  CNTs  
2  -­‐‑  terminal   Aqueous   106  




3  -­‐‑terminal   Aqueous   1180  
1.7 Fundamentals of Disinfection 
Disinfection  can  be  defined  as  a  process  designed  for  the  deliberate  reduction  of  
the  number  of  pathogenic  microorganisms  in  a  given  medium  (35).  The  most  popular  
technique  for  water  disinfection  is  chlorination,  which  can  eliminate  most  harmful  
microorganisms  (27).  Other  alternate  techniques  for  disinfection  are  (1)  chemical  systems  
based  on  ozone,  silver,  copper,  ferrate,  iodine,  bromine,  hydrogen  peroxide,  and  
potassium  permanganate;  (2)  physico-­‐‑chemical  means  such  as  photocatalysis;  (3)  
electrochemical  disinfection;  and  (4)  physical  treatments  such  as  ultraviolet  irradiation,  
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ultrasonication.  (36)  Amongst  these,  electrochemical  disinfection  technology  is  
environmentally  friendly,  low  cost,  and  can  be  used  to  inactivate  a  variety  of  bacteria  
and  viruses  (36).    
Electrochemical  disinfection  involves  generation  of  disinfecting  oxidants  from  
the  constituents  of  the  liquid  being  treated.  Specifically,  electrochlorination  involves  the  
generation  of  disinfecting  species  of  chlorine  such  as  hypochlorous  acid  (HClO)  and  
hypochlorite  ion  (OCl-­‐‑)  from  the  chloride  ions  in  the  liquid.  At  the  anode,  hypochlorous  
acid/hypochlorite  ions  are  produced  as  a  side  reaction  to  oxygen  evolution.  Initially,  
chlorine  is  produced  from  chloride  ions  as:  
2Cl-­‐‑  à  Cl2  +  2e-­‐‑  
Chlorine  reacts  with  water  to  yield  hypochlorous  acid:  
Cl2  +  H2O  à  HClO  +  HCl  
Hypochlorous  acid  and  the  hypochlorite  ion  have  a  pH-­‐‑dependent  equilibrium  as  
(Figure  7)  (37):  
HClO  ßà  ClO-­‐‑  +  H+  
In  disinfection,  the  sum  of  the  hypochloruous  acid  and  hypochlorite  ion  is  called  “free  
chlorine”  or  “active  chlorine.”  
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Figure  7:  Effect  of  pH  on  relative  amount  of  hypochlorous  acid  and  
hypochlorite  ion  at  20°  C  (37).  
During  this  process,  chloride  ions  that  were  consumed  by  free  chlorine  
generation  are  reformed.    
In  the  presence  of  ammonia  and  amino  nitrogen  compounds,  free  chlorine  reacts  
to  form  less  biocidal  forms.  In  the  presence  of  ammonium  ions,  free  chlorine  reacts  in  a  
stepwise  manner  to  form  chloramines.    The  following  reactions  lead  to  the  formation  of  
three  different  forms  of  chloramines:  
Monochloramine  formation:  NH4+  +  HOCl  =  NH2Cl  +  H2O  +  H+  
Dichloramine  formation:  NH2Cl  +  HOCl  =  NHCl2  +  H2O  
Trichloramine  formation:  NHCl2  +  HOCl  =  NCl3  +  H2O  
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The  chloramines  are  collectively  referred  to  as  combined  chlorine.  The  sum  of  
free  and  combined  chlorine  is  referred  to  as  total  chlorine.  Chloramines  are  disinfectants  
but  their  biocidal  potency  is  far  less  than  free  chlorine.  The  formation  reactions  of  the  
various  chloramines  are  competing  reactions  that  are  dependent  on  pH  and  controlled  
to  a  large  extent  by  the  Cl2:NH4-­‐‑N  ratio.  Figure  8  (37)  shows  the  relative  amounts  of  the  
three  chloramines  as  a  function  of  pH.    
  
Figure  8:  Relative  amounts  of  various  chloramines  as  a  function  of  pH  (37)  
The  stepwise  formation  behavior  of  chloramines  can  be  controlled  by  controlling  
the  Cl2:NH4-­‐‑N  ratio.  Figure  9  (37)  shows  the  relationship  between  the  three  chloramines  
at  varying  Cl2:NH4-­‐‑N  ratio  for  pH  range  of  6.5  –  8.5.  
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Figure  9:  Relationship  between  the  three  chloramine  forms  as  a  function  of  Cl2:  
NH4-­‐‑N  ratio  for  pH  range  6.5-­‐‑8.5  (37)  
It  can  be  seen  that  up  to  the  Cl2:N  ratio  of  5:1,  predominantly  monochloramine  is  
formed.  As  the  ratio  increases  further  up  to  7.6:1,  the  breakpoint  reaction  occurs  that  
reduces  the  concentration  of  residual  chlorine  to  a  minimum.  Breakpoint  chlorination  
results  in  the  formation  of  nitrogen  gas,  nitrate  and  dichloramine.    Above  7.6:1  ratio,  free  
chlorine  and  trichloramine  are  present.    
The  biocidal  potency  of  the  three  chloramines  are  in  the  order  of  HOCl  >  OCl-­‐‑>  
NH2Cl  >  NHCl2  >  NCl3.  So  it  is  preferable  to  have  monochloramine  formed  as  the  main  
chloramine.  This  can  be  controlled  by  controlling  the  pH  and  Cl2:NH4-­‐‑N  ratio,  if  
possible.    
1.8 Fundamentals of Boron-doped Diamond (BDD) 
Diamond  is  a  form  of  carbon  where  each  carbon  atom  is  tetrahedrally  bonded  to  
four  other  carbon  atoms  by  means  of  sp3  hybridized  bonds.  Diamond  possesses  
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properties  such  as  extreme  hardness,  high  electrical  resistance,  high  thermal  
conductivity,  high  electron  and  hole  mobility,  and  a  wide  band  gap  of  5.5  eV  (38).    
When  doped  with  boron,  diamond  films  possess  semi-­‐‑metal  electrical  properties.  
At  higher  doping  levels,  the  electrochemical  behavior  of  BDD  films  is  almost  metallic,  
exhibiting  high  kinetic  reversibility  (39).  Energetically,  the  boron  dopant  atoms  (electron  
acceptors)  form  a  band  located  at  0.35  eV  above  the  valence  band  edge  (Figure  10  (40))  
and  at  room  temperature  some  valence  band  electrons  get  promoted  to  the  impurity  
band,  leaving  holes  in  the  valence  band  for  current  conduction.  (38).  This  impurity  band  
formation  model  has  been  reported  elsewhere  as  well  (41).  Electrical  conductivity  is  also  
affected  by  surface  impurities  and  grain  boundaries  for  polycrystalline  films.  However  
for  single  crystal  films,  the  effect  of  doping  on  conductivity  and  reactivity  is  dominant  
(38).  This  electronic  behavior  has  consequences  on  the  electrochemical  behavior  of  
diamond  as  well.  BDD  films  have  a  relatively  large  overpotential  for  oxygen  and  
hydrogen  evolution  and  low  background  currents  (42-­‐‑44).    
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Figure  10:  Energy  band  diagram  of  boron  doped  diamond  film  compared  to  
standard  reduction  potentials  of  select  redox  couples  (40)  
Background  current  for  diamond  films  is  lower  than  that  of  glassy  carbon.  This  
could  be  due  to  low  carbon-­‐‑oxygen  functionalities  on  the  surface  and  lower  density  of  
surface  electronic  states  causing  a  reduction  in  the  counter-­‐‑balancing  ions  in  the  solution  
(38).  
The  aforementioned  properties  make  diamond  a  suitable  anode  for  
electrochemical  oxidation  of  undesirable  organic  compounds.  Table  2  summarizes  such  
applications  of  BDD  reported  in  the  literature.  
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Table  2:  Summary  of  applications  of  BDD  electrodes  for  oxidation  of  various  
organic  compounds  as  reported  in  literature  
Reference   Year   Application  
Troster  et  al  (45)   2002   Chemical  oxygen  demand  (COD)  
removal  from  industrial  waste  water  
Chang  et  al  (44)   2009   Cleaning  of  residual  
organics  left  on  a  liquid  crystal  display  
LCD  device  
Hagans  et  al  (46)   2001   Oxidation  of  phenol  
Sarada  et  al  (47)   2000   Oxidation  of  Histamine  and  
Serotonin  
Rao  et  al  (48)   1999   Oxidation  of  nicotinamide  adenine  
dinucleotide  (NADH)  




Oxidation  of  of  chlorophenoxy  herbicides  
  
















     
  21  
2. A method to obtain a Ragone plot for evaluation of 
carbon nanotube supercapacitor electrodes 
This  chapter  describes  a  technique  that  was  developed  to  obtain  the  energy  and  
power  density  for  individual  nanostructured  electrodes,  with  the  goal  of  constructing  a  
Ragone  plot  (51).      Existing  techniques  require  a  complete  packaged  device,  which  is  
time  consuming  to  construct  and  does  not  enable  measurement  of  a  single  electrode  
material.  The  technique  reported  here  provides  a  way  to  assess  and  compare  the  
performance  of  electrodes  of  a  supercapacitor  as  a  part  of  a  conventional  three  terminal  
electrochemical  cell.  This  allows  comparison  of  different  electrode  materials  and  
modifications  thereof,  such  as  surface  engineering  and  geometric  modifications.    
Electrode  development  will  be  critical  to  the  realization  of  supercapacitors.    
This  technique  has  been  adapted  from  a  similar  technique  developed  by  the  U.S.  
Department  of  Energy  to  standardize  the  evaluation  of  packaged  commercially  available  
supercapacitors  for  use  in  electric  drivelines  and  for  battery  load-­‐‑leveling  (52).  This  
method  was  adapted  for  the  research  environment  where  a  typical  setup  uses  a  three  
terminal  cell  (53),  which  includes  the  electrode  under  study  or  the  working  electrode  
along  with  a  reference  and  a  counter  electrode,  which  is  designed  to  have  no  influence  
on  the  results.  A  packaged  device  typically  does  not  have  a  reference  electrode  and  the  
results  are  an  integration  of  two  working  electrodes,  making  data  interpretation  much  
more  difficult.  This  chapter  covers  the  experimental  setup,  procedure  and  calculations  to  
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obtain  Ragone  plots  for  individual  electrodes.  It  also  presents  results  for  vertically  
aligned  CNTs  in  various  aqueous  electrolytes.  
2.1 Introduction 
When  comparing  different  energy  storage  systems,  it  is  essential  to  use  
characterization  methods  that  accommodate  the  differences  in  the  mode  of  energy  
storage.    Furthermore,  for  energy  storage  systems  that  are  electrochemical  in  nature;  
such  as  batteries,  fuel  cells,  and  supercapacitors;  electrochemical  characterization  
techniques  should  facilitate  matching  the  storage  systems  to  their  potential  application  
areas  (54).    Ragone  plots  have  been  used  historically  to  compare  different  battery  
technologies  (51);  however,  with  the  emergence  of  supercapacitors,  fuel  cells,  and  
advanced  batteries,  Ragone  plots  are  being  used  to  compare  the  performance  of  
technologies  that  utilize  different  modes  of  energy  storage(55).    Moreover,  Ragone  plots  
can  also  be  used  to  select  an  optimum  working  point  (i.e.,  discharge  rate)  or  the  
optimum  size  of  an  energy  storage  device  (ESD)  for  a  specific  application  (56).  Energy  
and  power  densities  are  frequently  given  for  a  packaged  device,  rather  than  an  electrode  
or  a  half  cell  (electrode,  solvent,  and  electrolyte.)    Materials  research  on  new  electrodes  
requires  the  ability  to  isolate  the  performance  of  individual  components,  such  as  the  
electrode  or  electrolyte,  to  understand  the  effects  of  changes  to  these  components  while  
avoiding  the  cost  of  developing  a  packaged  device.    The  technique  reported  here  
provides  a  way  to  assess  and  compare  the  performance  of  components  of  a  
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supercapacitor  as  a  part  of  conventional  three-­‐‑terminal  electrochemical  cells.    The  
present  work  has  focused  on  comparing  electrodes,  as  the  energy  and  power  
performance  of  different  electrode  materials  and  modifications  thereof,  such  as  surface  
engineering  and  geometric  modifications  (57).    Such  materials  development  will  be  
critical  to  the  realization  of  supercapacitors  that  can  challenge  the  energy  density  of  
lithium-­‐‑based  batteries.    
A  Ragone  plot  is  a  log-­‐‑log  plot  of  a  device’s  energy  density  versus  its  power  
density,  as  shown  in  Figure  11  (51).    A  curve  on  a  Ragone  plot  for  a  given  device  
represents  the  range  of  energy  density  and  power  density  over  which  the  device  can  be  
operated.    This  facilitates  the  selection  of  an  optimal  working  region  for  a  given  energy  
storage  system  (See  inset  Figure  11  (51)).    Positive  unity  slope  lines  on  the  Ragone  plot  
indicate  discharge  times.    Every  point  on  a  Ragone  curve  is  associated  with  a  
characteristic  discharge  time  given  by  the  intersection  of  a  unique  positive  unity  slope  
line  with  the  given  point  on  the  curve.    For  a  typical  Ragone  curve,  points  with  higher  
energy  density  have  longer  discharge  times  compared  to  those  with  higher  power  




Figure  11:  Ragone  plot  of  standard  energy  storage  devices  on  logarithmic  scale  
on  both  axes  (inset:  characteristic  Ragone  curve  with  points  of  maximum  energy  and  
power  indicated)  (51)  
Ragone  plots  can  be  used  for  all  types  of  energy  storage  systems  and  are  not  
dependent  on  the  way  in  which  is  energy  is  stored,  e.g.,  electrochemically  for  batteries  
and  mechanically  for  flywheels.    The  technique  described  in  this  chapter  to  obtain  
Ragone  plots  of  supercapacitors  was  adopted  from  a  similar  technique  developed  for  the  
Department  of  Energy  to  standardize  performance  evaluation  of  packaged,  commercial  
capacitors  for  use  in  electric  drivelines  and  for  battery  load  leveling  (58).    This  method  
was  adopted  for  the  research  environment,  where  a  typical  system  uses  a  three  terminal  
electrochemical  cell  to  characterize  a  single  electrode  (the  working  electrode  in  a  half  
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cell)  without  the  similar  opposing  electrode  found  in  a  packaged  supercapacitor.    
Instead,  there  is  a  counter  electrode  that  does  not  affect  the  measurements,  allowing  
determination  of  the  working  electrode  characteristics.    This  technique  uses  a  
potentiostat  operated  in  both  galvanostatic  and  potentiostatic  modes  to  obtain  key  
electrochemical  parameters  of  the  half-­‐‑cell  to  generate  a  Ragone  plot.  
2.2 Experimental Methods 
2.2.1 Experimental Setup 
The  electrochemical  cell  (K0235  by  Princeton  Applied  Research)  was  a  three  
terminal  cell,  with  a  working  electrode,  counter  electrode,  and  reference  electrode  
(Figure  12  (59)).    The  working  electrode  was  the  carbon  nanotube  sample.    The  counter  
electrode  was  a  platinum  mesh.    By  varying  the  gasket  area  (the  electrode  area  exposed  
to  the  electrode)  and  the  area  of  the  counter  electrode,  it  was  verified  that  the  counter  
electrode  was  not  a  rate-­‐‑determining  factor  in  the  double  layer  charge  storage  process.    
The  reference  electrode  was  saturated  Ag/AgCl  in  saturated  KCl  (MF-­‐‑2052  by  
Bioanalytical).    The  electrolyte  was  water  with  either  0.85-­‐‑0.90  %  w/v  NaCl  or  0.02  N  
sulfuric  acid  in  solution.    The  nominal  electrode  area,  as  defined  by  a  PTFE  gasket,  was  
0.053  cm2.  The  reference  electrode  resided  in  a  separate  sub-­‐‑section  of  the  cell  connected  
to  the  region  near  the  double  layer  interface  at  the  gasket  opening  by  a  Luggin-­‐‑Haber  
capillary  tube  (Figure  12  (59)).    The  distance  between  the  electrochemical  double  layer  
and  the  end  of  the  capillary  tube  was  at  least  twice  the  diameter  of  the  tube  to  satisfy  the  
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assumptions  underlying  a  variety  of  the  electrochemical  equations  used  to  quantify  the  
cell  performance  (18).    The  potentiostat  (Model  1287A  by  Solartron  Analytical)  had  four  
terminals  –  WE  (working  electrode),  CE  (counter  electrode),  RE1  (reference  electrode  1),  
and  RE2  (reference  electrode  2).    WE  and  RE2  were  connected  to  the  working  electrode  
of  the  cell.    CE  was  connected  to  the  counter  electrode  and  RE1  was  connected  to  the  
reference  electrode.    
  
Figure  12:  Schematic  representation  of  a  three  terminal  electrochemical  cell  
(59)  
2.2.2 Sample Preparation  
MWCNT  samples  were  grown  in  a  915  MHz  MPECVD  system.  MWCNTs  that  
were  grown  in  this  system  were  vertically  aligned  with  a  bamboo  structure  (Figure  13  
(59)).  The  tubes  were  grown  on  an  oxidized  silicon  substrate  coated  with  a  5  nm  Fe  layer.    
The  substrate  rested  on  a  heated  fused  quartz  plate.    Gas  flow  in  the  growth  chamber  
was  controlled  by  mass  flow  controllers.    Prior  to  growth,  the  substrate  was  heated  to  
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850  °C  for  3  min.    This  transformed  the  smooth  iron  layer  into  discrete  islands  ranging  
from  20  to  50  nm  in  diameter  as  determined  by  scanning  electron  microscopy  (SEM)  
(12).    These  sites  formed  the  sites  for  MWCNT  deposition  during  the  growth  phase.      
  
Figure  13:  (a)  TEM  image  of  MWCNTs.  (b)  SEM  image  of  vertically  aligned  
MWCNTs  (59)  
The  substrate  size  was  typically  2  x  2  cm.    The  sample  (along  with  its  silicon  
substrate)  was  mounted  on  a  glass  slide  or  a  piece  of  sheet  metal  using  copper  or  carbon  
tape.    An  electrical  contact  was  drawn  out  from  the  samples  using  silver  epoxy  paint.    
The  sample  was  then  pressed  against  the  gasket  with  a  holding  fixture  as  shown  in  
Figure  12  (59).    The  gasket  formed  a  watertight  seal  with  the  sample  surface  and  
underlying  silicon  substrate.    The  electrolyte  did  not  contact  the  metal  sheet  or  the  silver  
epoxy.    Inspection  of  samples  with  SEM  after  electrochemical  measurements  confirmed  
that  the  electrolyte  did  not  leak  outside  the  exposed  gasket  area  and  wet  other  parts  of  
the  sample  (see  Figure  14  (59)).    Additionally,  when  a  size  series  of  gaskets  with  
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diameters  from  2.38  to  9.53  mm  were  measured  the  extrapolated  line  of  capacitance  
values  vs  gasket  diameter  crossed  the  origin  within  the  error  of  the  measurement  (i.e.,  a  
gasket  of  zero  diameter  would  have  zero  capacitance).    Leaking  electrolyte  would  cause  
a  significant  non-­‐‑zero  intercept  on  the  capacitance  axis.  
  
Figure  14:  Cross-­‐‑section  of  electrochemical  cell  end  cap  (cross-­‐‑section  line  
marked  in  Figure  12)  showing  the  gasket  and  mounted  MWCNT  sample  (59)  
2.2.3 Electrochemical Measurement Procedure 
A  current  versus  time  plot  of  three  charge-­‐‑discharge  cycles  is  shown  in  Figure  15  
(59).  For  each  measurement,  at  least  five  different  current  values  were  measured  for  the  
galvanostatic  regions  of  the  experiments  so  that  the  discharge  times  varied  from  2  to  100  
s.  The  discharge  time  regime  is  between  2  s  and  100  s,  which  is  recommended  for  electric  
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drivelines  and  load  leveling  (58),  a  common  application  for  supercapacitors.  However,  
this  technique  can  be  easily  used  for  higher  or  lower  frequencies  depending  on  the  
ultimate  application  of  interest.  It  is  expected  that  at  higher  frequencies,  there  are  two  
factors  that  may  serve  to  reduce  the  energy  density  of  the  system.  The  first  is  impedance,  
mainly  inductance,  from  the  test  fixture.  The  second  is  a  change  in  the  ability  of  the  
electronic  double  layer  to  react.  For  our  experimental  setup,  the  resonant  frequency  is  in  
the  range  of  800  Hz  to  1  kHz.  At  this  point  and  at  higher  frequencies  (shorter  charge-­‐‑
discharge  times),  the  electronic  double  layer  is  not  acting  as  a  capacitor,  but  rather  a  
short  circuit.  The  ESR  does  not  vary  with  frequency.  The  cell  was  charged  with  a  
positive  constant  current  to  the  upper  limit  of  the  electrochemical  voltage  window.  For  
aqueous  solutions,  the  upper  limit  is  1  V,  above  which  electrolysis  of  water  occurs.  For  
the  purpose  of  characterization  in  this  case,  the  upper  limit  was  set  at  0.7  V.  For  non-­‐‑
aqueous  solutions,  this  upper  limit  can  be  higher  than  1  V  (2.5–3  V  for  acetonitrile)  (60).  
The  voltage  was  then  held  constant  for  10  s  in  potentiostatic  mode.  This  step  allowed  the  
double  layer  at  the  electrode  interface  to  stabilize.  After  holding  for  10  s  in  the  
potentiostatic  mode,  the  cell  was  galvanostatically  discharged  by  passing  the  negative  of  
the  charging  current  until  the  voltage  reached  either  0  V  or  a  set  lower  limit  of  the  
voltage  window.  The  lower  limit  was  set  close  to  the  open  circuit  potential  (OCP)  of  the  
uncharged  cell,  because  if  the  cell  was  discharged  to  voltages  much  higher  or  lower,  the  
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cell  had  a  tendency  to  return  to  its  uncharged  OCP.  The  charge,  hold,  and  discharge  
steps  constituted  one  charge-­‐‑discharge  cycle  (Figure  15  (59)).  
  
Figure  15:  Galvanostatic  and  potentiostatic  curves  from  three  successive  
charge-­‐‑discharge  cycles  (59).  
For  a  given  current  value,  three  such  cycles  were  recorded.  The  voltage  and  time  
values  were  averaged  over  the  second  and  third  cycles.  The  averaging  helped  minimize  
the  effects  of  transients.  Since  the  entire  measurement  was  automated  and  each  current  
cycle  was  performed  immediately  after  the  previous  cycle,  the  first  cycle  was  not  
included  because  during  the  first  cycle,  the  electronics  settle.  
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2.2.4 Data Measurement and Calculations 
The  following  sections  describe  the  parameters  that  were  measured  for  both  the  
second  and  third  cycles  for  each  current  value  (Figure  15  (59)).  
  
Figure  16:  A  single  galvanostatic  charge-­‐‑discharge  cycle  showing  various  
points  for  data  measurement  (59).  
2.2.4.1  Total  Capacitance  
For  each  cycle,  the  total  discharge  time  is  measured,  as  well  as  the  difference  
between  the  voltage  at  the  beginning  and  the  end  of  the  discharge  phase  such  that  (see  
Figure  16  (59)):  
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ttest[s]= t(discharge−end ) − t(discharge−start )
Vtest[V ]=V(discharge−start ) −V(discharge−end )
                     -­‐‑  4  
where  time  t  is  in  seconds  and  voltage  V  is  in  volts.  The  discharge  time  ends  when  the  
voltage  reaches  the  lower  limit  of  the  voltage  window.  The  capacitance  C  in  farads  is  




                        -­‐‑  5  
where  Itest  is  the  constant  current  in  amperes,  applied  in  the  galvanostatic  cycles.  
2.2.4.2  ESR  (Equivalent  Series  Resistance)  
The  drop  in  voltage  between  the  end  of  the  first  potentiostatic  phase  and  the  start  
of  the  galvanostatic  discharge  phase  is  Vdrop  (see  inset  Figure  16  (59)).  This  drop  is  
caused  by  the  ESR  of  the  cell.  The  ESR  is  the  resistance  of  the  entire  device,  including  the  
electrodes,  solution,  and  fixturing.  For  supercapacitors,  the  ESR  dissipates  energy,  so  a  
low  value  is  more  desirable.  ESR  is  calculated  as  the  following:  
ESR[Ω]= VtestItest
                           -­‐‑  6  
2.2.4.3  Energy  Density  (Energy  Stored  Per  Unit  Mass)  








= (0.75 × Itest × ttest ×Vtest )(3600 ×m[kg])                      -­‐‑  7  
where  m  is  the  total  mass  of  the  carbon  nanotubes  on  the  electrode  in  kilograms.  This  is  
estimated  in  the  next  section.  
2.2.4.4  Power  Density  (Power  Per  Unit  mass)  
Power  density  is  in  the  industry-­‐‑standard  W/kg.  The  power  density  is  






= (Itest ×Vtest )(2 ×m[kg])                           -­‐‑  8  
where  Vtest  is  equal  to  Vi  measured  in  the  discharge  mode  (Figure  16  (59)).  It  is  the  
difference  of  the  start  and  end  voltages,  as  noted  in  Figure  16  (59).  The  factor  2  appears  
in  the  denominator  because  the  energy  and  power  densities  are  calculated  at  the  
condition  of  maximum  power  transfer.  Maximum  power  is  transferred  when  the  
capacitor  discharges  from  Vi  to  Vi/2  (18).  The  energy  and  power  density  thus  obtained  
for  each  constant  current  value  is  plotted  on  a  log-­‐‑log  plot  of  energy  density  versus  
power  density.  This  is  a  Ragone  plot.  
2.3 Estimation of Weight of MWCNT Samples 
In  order  to  calculate  the  energy  and  power  densities,  the  weight  of  either  the  
electrode  material  used  or  that  of  the  entire  package  must  be  known.  When  comparing  
the  gravimetric  energy  and  power  densities  of  two  ESDs,  it  is  important  to  make  sure  
that  the  systems  being  compared  have  their  weights  calculated  in  the  same  way,  that  is,  
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weight  of  only  the  electrodes  of  the  two  systems  or  the  weight  of  the  full  package  of  the  
systems.  In  the  present  case,  the  weight  of  only  the  working  electrode,  that  is,  the  weight  
of  the  MWCNTs  without  the  substrate,  will  be  considered.  Peigney  et  al.  have  calculated  
the  theoretical  external  surface  area  of  single-­‐‑  and  multi-­‐‑walled  CNTs  (61).  Their  work  
has  been  extended  here  to  obtain  the  weight  of  CNTs  with  an  arbitrary  number  of  walls  
and  ultimately  the  weight  of  a  CNT  film.  The  weights  will  be  used  to  obtain  the  energy  
density  and  power  density.  It  is  calculated  based  on  the  atomic  structure  of  graphene  as  
CNTs  are  tubular  structures  formed  from  graphene  (5).  The  following  assumptions  are  
made  for  the  calculation.  
2.3.1 Assumptions 
i. The  sp2  hybridized  C-­‐‑C  bond  length  in  a  hexagonal  cell  of  graphene  is  0.142  nm  
(Figure  17  (59)).  
ii. MWCNTs  can  be  approximated  as  concentric  cylinders  with  a  variable  number  
of  walls.  
iii. The  graphene  inter-­‐‑shell  distance  is  0.335  nm.  The  inter-­‐‑shell  distance  is  the  
distance  between  adjacent  graphene  planes.  
iv. The  sp2  hybridized  C-­‐‑C  bond  length  in  the  graphene  layer  remains  unchanged  
even  when  the  layer  is  curved.  
v. The  area  of  the  tips  of  the  tubes  is  negligible.  
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vi. MWCNTs  with  r  ¼  25  nm,  h  ¼  15  mm,  and  35  concentric  cylinders  are  
considered.  The  number  of  inner  walls  was  obtained  by  measuring  the  wall  
thickness  of  MWCNTs  from  transmission  electron  microscopy  (TEM)  images  
(62),  and  calculating  the  number  of  walls  using  the  inter-­‐‑wall  spacing  for  
MWCNTs.  These  MWCNTs  were  grown  in  the  same  deposition  system  as  the  
samples  analyzed  for  the  Ragone  plot  (62).  
  
Figure  17:  Schematic  representation  of  a  hexagonal  unit  cell  of  graphene  (59).  
2.3.2 Calculations 
i. The  area  of  a  single  hexagonal  graphene  unit  cell  (Figure  17  (59))  is  5.238  x  1020  
m2.  
ii. The  curved  surface  area  of  the  outermost  wall  3.00  x  10-­‐‑12  m2  while  that  for  the  
innermost  is  2.04  x  10-­‐‑12  m2.  
iii. The  surface  area  of  each  tube  in  a  single  MWCNT  is  divided  by  the  hexagonal  
area  of  a  single  graphene  unit  cell  to  obtain  the  total  number  of  carbon  atoms  in  
each  wall  or  concentric  cylinder  (there  are  2  C  atoms  to  each  hexagonal  unit  after  
taking  into  consideration  the  sharing  of  atoms  among  units).  From  the  total  
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number  of  carbon  atoms  and  the  atomic  weight  of  a  carbon  atom,  the  weight  of  
each  tube  is  calculated  as  6.72  x  10-­‐‑17  kg.  
iv. From  the  SEM  image  (Figure  18  (59))  of  nucleated  islands  of  catalyst  during  
growth  of  MWCNTs  in  a  MPECVD  system,  it  is  seen  that  there  are  an  average  of  
9  potential  growth  sites  on  a  substrate  area  on  250  mm  x  250  mm.  Thus,  the  
average  tube  density  is  1.5  x  1010  MWCNTs/cm2.  
v. The  gasket  used  in  the  electrochemical  cell  that  defines  the  exposed  MWCNT  
area  has  a  diameter  of  2.62  mm.  Thus,  the  area  of  the  gasket  is  0.053  cm2.  
vi. The  total  number  of  tubes  exposed  to  the  electrolyte  is  then  calculated  as  7.95  x  
108.  
vii. From  the  weight  of  one  tube,  the  total  weight  of  the  MWCNT  electrode  material  
is  calculated  as  53.4  µμg.  
  
Figure  18:  TEM  image  of  nucleation  of  metal  nanoparticles  prior  to  MWCNT  
deposition  (59).  
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2.3.3 Weight Determination by Scaling of Direct Measurement 
The  weight  of  the  MWCNTs  was  also  measured  directly  by  means  of  a  precision  
balance  (Mettler  Toledo  Model  AB54-­‐‑S/FACT).  After  subtracting  the  weight  of  the  
substrate,  the  weight  of  the  MWCNTs  was  0.01641  g  over  9.03  cm2.  The  height  of  the  
MWCNTs  was  sampled  at  32  locations  across  the  sample  to  obtain  an  average.  This  was  
determined  to  be  21.1  µμm.  The  MWCNT  density  on  the  substrate  is  a  function  of  the  size  
and  spacing  of  the  catalyst  islands  upon  which  the  MWCNTs  nucleate.  Thus,  the  weight  
scales  linearly  with  the  height  of  the  tubes.  Using  the  weight  per  cm2  of  the  electrode  
and  per  mm  height  for  the  MWCNTs,  the  weight  of  the  MWCNTs  for  the  samples  used  
to  construct  the  Ragone  plots  was  determined.  The  weight  of  the  MWCNTs  described  in  
Assumption  6  above,  namely  the  15  µμm  height,  is  determined  to  be  68.8  µμg.  
2.3.4 Comparison of the Calculated and Scaled Weight 
The  15.4  mg  difference  between  the  calculated  and  the  scaled  weight  is  
reasonable  given  the  fundamental  starting  point  of  the  theoretical  calculation.  The  
difference  is  the  equivalent  of  eight  walls  in  the  MWCNT  diameter.  That  is,  the  
calculation  used  the  wall  thickness  as  measured  by  TEM  and  the  expected  adjacent  wall  
spacing  to  give  35  walls.  MWCNTs  having  a  weight  equal  to  the  scaled  measurement  
would  have  43  walls.  The  extra  weight  is  likely  due  to  the  internal  bamboo  structure  in  
the  MWCNTs  or  small  amounts  of  amorphous  carbon  present  in  the  film,  neither  of  
which  was  accounted  for  in  the  calculation.  
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2.4 Process Validation 
In  order  to  establish  the  validity  of  the  technique,  a  commercial  supercapacitor  
(Cap-­‐‑XX  HS106)  was  tested  using  both  electrochemical  impedance  spectroscopy  (EIS)  
and  galvanostatic  tests.  The  total  capacitance  was  determined  by  both  methods.  The  
Cap-­‐‑XX  capacitor  was  not  tested  in  the  electrochemical  cell,  but  rather  using  a  two-­‐‑
terminal  measurement.  For  this  measurement,  RE1  and  CE  were  connected  to  one  
terminal  and  RE2  and  WE  were  connected  to  the  other.  As  the  goal  of  the  Cap-­‐‑XX  
measurements  was  to  confirm  the  validity  of  the  EIS  and  galvanostatic  approach,  the  
energy  density  and  power  density  were  not  calculated.  The  results  are  summarized  in  
Table  3  (59).  The  value  of  the  total  capacitance  obtained  from  the  galvanostatic  test  
technique  was  1.18  F.  Comparison  with  the  manufacturer  rated  value  (1.10  F)  gave  our  
measurement  an  accuracy  of  1/10  F  (9.09%).  
Table  3:  Capacitance  values  of  Cap-­‐‑XX  capacitor  measured  using  
electrochemical  impedance  spectroscopy  and  a  galvanostatic  approach  (59).  
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2.5 Results 
The  results  of  the  galvanostatic  tests  for  four  MWCNT  samples  are  summarized  
in  Figure  19  (59)  and  Table  4  (59).  The  Ragone  plot  for  the  MWCNT  samples  is  shown  in  
Figure  19  (59).  Table  4  (59)  summarizes  specific  capacitance,  ESR,  and  length  of  the  
  39  
MWCNT  samples.  The  electrolyte  used  was  saline  (details  above)  unless  otherwise  
indicated.  The  sample  name  specifies  the  run  number  of  the  MPECVD  system.  The  
samples  were  grown  for  120  s  (for  NAM465  A  and  NAM465)  or  180  s  (NAM509  and  
NAM511)  and  thus  heights  are  15  and  25  µμm,  respectively,  for  each  group.  The  first  
sample,  NAM465  A,  was  measured  with  0.02  N  sulfuric  acid  solution  as  the  electrolyte.  
The  specific  capacitance  values  observed  in  Table  4  (59)  are  somewhat  lower  than  the  
literature  values  for  similar  nanotubes  (19),  using  the  scaled  weight.  The  values  for  
energy  and  power  density  are  also  lower  than  those  in  literature.  However,  variations  in  
the  way  that  the  weight  and  what  is  included  in  the  weight  make  direct  comparisons  
difficult.  The  galvanostatic  charge-­‐‑discharge  method  used  to  obtain  these  parameters  is  
validated  by  the  measurements  made  on  the  commercial  supercapacitor,  as  the  
comparison  of  the  total  capacitance  determined  by  both  the  galvanostatic  method  EIS  
agreed  with  the  rated  value  from  the  manufacturer.  The  higher  energy  density  for  the  
sample  tested  with  0.02  N  sulfuric  acid  electrolyte  (instead  of  saline)  confirms  that  acid  
solutions  result  in  higher  capacitance  and  energy  density,  either  by  chemical  
modification  of  the  MWCNTs  or  a  higher  ionic  concentration.  The  energy  and  power  
density  using  the  scaled  weight  are  illustrated  on  a  Ragone  plot  in  Figure  19  (59).  The  
shape  of  the  curves  obtained  is  typical  of  energy  storage  systems.  The  energy  densities  
drop  at  higher  discharge  rates  (and  thus  high  power)  due  to  an  increase  in  internal  
losses  (51).  The  effect  of  ESR  on  the  shape  of  the  Ragone  curve  is  to  steepen  it  as  the  ESR  
  40  
increases.  Hence  NAM465A  has  a  higher  ESR  and  exhibits  a  sharper  drop  in  energy  
density  at  high  power  than  NAM511,  which  has  a  lower  ESR.  The  energy  and  power  
density  of  the  particular  samples  reported  here  are  relatively  low  compared  to  
commercial  supercapacitors  due  to  the  high  ESR  associated  with  the  volume  of  the  
electrolyte  and  contact  resistance  in  these  experiments.  Recent  measurements  to  be  
reported  in  another  publication  indicate  that  these  parameters  can  be  optimized,  
enabling  competitive  energy  and  power  densities.  
  
Figure  19:  Ragone  plot  of  MWCNT  samples  using  logarithmic  scale  on  both  
axes  (energy  and  power  densities  calculated  using  direct  scaled  weight  measurement  
of  MWCNTs)  (59).  
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Table  4:  Specific  capacitance,  ESR,  and  length  of  MWCNT  samples  shown  in  
Figure  19  (59).  
Sample   Specific  Capacitance  
(F/g)  
ESR  (Ω)   Length  of  
MWCNTs  (µμm)  
NAM465A   14.9   418.5   15  
NAM465   15.33   865.76   15  
NAM509   10.42   249.08   25  
NAM511   10.28   102.99   25  
2.6 Conclusions 
A  galvanostatic  charge-­‐‑discharge  method  has  been  developed  for  a  three  
terminal  electrochemical  cell  to  obtain  specific  capacitance,  ESR,  and  a  Ragone  plot.  
Specific  energy  and  power  for  an  electrochemical  double  layer  cell  with  a  vertically  
aligned  MWCNT  electrode  were  obtained  and  compared  to  reported  values.  The  weight  
of  the  MWCNTs  was  estimated  using  a  theoretical  calculation  that  was  verified  with  a  
direct  weight  measurement.  Ragone  plots  for  the  MWCNT  samples  were  obtained  and  
compared  by  plotting  on  a  single  plot.  The  total  capacitance  of  a  commercial  
supercapacitor  was  measured  by  this  technique  and  was  compared  to  both  the  
capacitance  of  that  device  measured  by  EIS  and  the  value  reported  by  the  manufacturer.  
The  capacitance  values  agreed  to  within  0.1  F  (9.09%).  Other  galvanostatic  techniques  
have  been  used  to  characterize  electrochemical  systems,  but  they  have  focused  on  
calculating  specific  capacitance  and  coulombic  efficiency  and  not  obtaining  energy  or  
power  density  and  thus  not  on  construction  of  Ragone  plots  (63-­‐‑66).  The  galvanostatic  
charge-­‐‑discharge  method  facilitates  energy  and  power  performance  comparison  of  
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different  electrode  designs  for  the  same  electrolyte  and  cell.  It  is  a  powerful  technique  
for  those  working  on  engineering  electrodes  for  supercapacitors.  
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3. Effect of porosity variation on the electrochemical 
behavior of vertically aligned multi-walled carbon 
nanotubes 
Electrochemical  performance,  including  the  capacitance,  power  density  and  
energy  density  described  in  the  previous  chapter,  is  influenced  by  numerous  parameters  
such  as  the  electrolyte,  the  specific  surface  area,  and  the  electrode  morphology.    In  this  
chapter,  we  examine  the  effect  of  morphological  variation  of  vertically  aligned  CNTs  on  
electrochemical  behavior,  particularly  capacitance.  Varying  the  pretreatment  time  
during  the  growth  of  CNTs  in  the  MPECVD  system  varied  the  CNT  diameter  and  inter-­‐‑
CNT  spacing.  It  is  speculated  that  increasing  the  pretreatment  time  during  growth  
causes  a  reduction  in  the  dewetted  catalyst  nanoparticle  size  and  the  spacing  between  
the  nanoparticles.  The  electrochemical  capacitance  of  these  samples  was  measured  in  a  
three  terminal  cell  in  non-­‐‑aqueous  electrolytes.  It  was  found  that  the  specific  capacitance  
increased  as  the  CNT  diameter  and  inter-­‐‑CNT  spacing  decreased  (see  Figure  20  (67)).  
This  trend  was  compared  to  the  capacitance  versus  pore  size  relationships  reported  in  
literature.  A  broad  trend  between  capacitance  and  pore-­‐‑size  is  proposed,  based  on  the  
combination  of  results  and  literatures  values.    The  trend  spans  a  wide  range,  from  
macroporous  to  sub-­‐‑nanometer  pores.  
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Figure  20:  Illustration  of  increase  in  specific  capacitance  with  decrease  in  CNT-­‐‑
diameter  and  inter-­‐‑CNT  spacing  (67)  
3.1 Introduction 
Carbon  Nanotubes  (CNTs)  are  interesting  as  electrode  materials  in  
electrochemical  double  layer  capacitors  (ELDCs)  (14)  because  of  their  nanostructured  
morphology,  regular  porosity,  and  electrical  properties.  They  are  also  important  in  
electroanalysis  (68-­‐‑70)  for  these  same  properties.  Specific  capacitance  of  electrodes  
depends  on  surface  functionalities,  surface  area,  and  pore  size  distribution  (71,  72).  The  
relationship  between  specific  capacitance  and  pore  size  has  been  studied  extensively  for  
materials  with  pore  size  distribution  under  100  nm  (72-­‐‑75).  For  example,  Ref.  (76)  reports  
the  effect  of  mean  pore  size  on  specific  capacitance  in  the  sub-­‐‑10  nm  regime.  It  has  been  
proposed  that  constriction  of  the  compact  ion  layer  within  a  sub-­‐‑1  nm  pore  increased  the  
capacitance  significantly  due  to  distortion  of  the  ion  solvation  shell  (77).  Furthermore,  
specific  capacitance  increases  with  increasing  surface  area  to  a  point  (78).  To  the  authors'ʹ  
knowledge,  investigation  of  this  relationship  has  not  been  extended  to  materials  with  
pore  size  greater  than  100  nm  and  a  high  aspect  ratio,  such  as  vertically  aligned  CNTs.  
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This  work  reports  on  the  change  in  specific  capacitance  as  pore  size  varies  from  230  to  
506  nm  for  vertically  MWCNTs  and  discusses  the  broader  transition  from  surface  area-­‐‑  
to  pore  size-­‐‑dominated  effects.  
3.2 Experimental 
3.2.1 CNT Film Growth 
MWCNTs  were  grown  using  a  915  MHz  Microwave  Plasma  Enhanced  Chemical  
Vapor  Deposition  System.  Fe-­‐‑coated  silicon  substrates  were  heated  to  850  °C  in  150  sccm  
of  NH3  in  the  MPECVD  system,  followed  by  striking  and  stabilizing  a  plasma  at  21  Torr  
and  2.1  kW  of  magnetron  input  power.  Substrates  were  then  pretreated  for  pretreatment  
times  of  5,  180,  1200,  and  2400  s  in  the  plasma  to  obtain  samples  with  a  range  of  porosity  
and  surface  area  by  varying  the  tube  diameter  and  spacing.  Following  pretreatment,  
growth  of  the  MWCNTs  was  accomplished  by  changing  the  gas  flow  to  150  sccm  CH4  
and  50  sccm  NH3  for  120  s.  The  growth  conditions  were  the  same  for  all  samples.  The  
CNTs  grown  using  this  process  are  typically  vertically  aligned  and  multi-­‐‑walled  (79).  
3.2.2 Experimental Setup 
The  electrochemical  setup,  sample  preparation,  and  measurement  protocol  have  
been  discussed  in  detail  in  a  previous  publication  (59).  Briefly,  a  three  terminal  
electrochemical  cell  with  working,  counter,  and  reference  electrodes  (K0235  by  Princeton  
Applied  Research)  was  used.  The  working  electrode  was  the  MWCNT  film,  the  counter  
electrode  was  a  platinum  mesh  (3  cm×2.5  cm),  and  the  reference  was  an  Ag  wire  in  1  M  
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tetrabutylammonium  perchlorate  (TBAP)  and  0.01  M  silver  nitrate  (AgNO3)  in  
acetonitrile  (reference  electrode-­‐‑RE-­‐‑7  and  its  solution  supplied  by  BioLogic).  The  
reference  electrode  resided  in  a  separate  subsection  of  the  cell  connected  to  the  region  
near  the  double  layer  interface  of  the  working  electrode  by  a  Luggin-­‐‑Haber  capillary  
tube.  The  distance  between  the  interface  and  the  tube  was  at  least  twice  the  diameter  of  
the  tube.  The  electrolyte  used  was  1  M  lithium  perchlorate  (LiClO4)  in  acetonitrile.  The  
potentiostat  was  a  SP-­‐‑300  (Bio-­‐‑Logic).  All  chemicals  were  used  as  received.  
3.2.3 Sample Preparation 
The  sample  was  mounted  on  a  piece  of  sheet  metal  using  copper  tape.  An  
electrical  contact  was  made  painting  conductive  silver  epoxy  on  the  MWCNT  side.  The  
nominal  active  area  of  the  electrode  was  defined  by  a  PTFE  gasket.  
3.2.4 Electrochemical Testing Purpose 
Cyclic  voltammetry  (CV)  was  performed  on  all  the  samples  at  a  scan  rate  of  15  
mV/s  between  0  and  1.1  V  vs  Ag/Ag+  ion  to  obtain  specific  capacitance  and  detect  the  
presence  of  Faradaic  activity,  if  any.  A  three-­‐‑terminal  galvanostatic  charge–discharge  
technique  was  also  used  to  obtain  charge–discharge  curves  at  a  current  density  of  5.7  
A/g  and  a  voltage  window  of  −0.1  to  1.2  V.  The  galvanostatic  technique  was  explained  in  
detail  previously  (59).  
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3.2.5 Morphological Measurements 
The  vertical  alignment  and  multi-­‐‑walled  nature  of  the  CNTs  were  verified  by  
SEM  and  TEM.  The  diameter  and  spacing  of  the  MWCNTs  were  measured  from  high-­‐‑
resolution  SEM  images  using  ImageJ  software  (80).  These  images  were  thresholded  to  
detect  edges  and  then  measurements  were  obtained  at  different  points  on  each  sample  
with  a  total  of  22  measurements  each  for  diameter  and  inter-­‐‑MWCNT  spacing.  A  similar  
approach  to  measure  porosity  has  been  reported  previously  (76).    
3.3 Results and Discussion 
Figure  21  (67)  shows  CV  scans  of  all  four  samples.  The  charge  storage  capacity,  
represented  by  the  area  under  the  CV  curve,  increases  substantially  with  reduction  in  
inter-­‐‑MWCNT  spacing  (i.e.  pore  size).  No  other  significant  electrochemical  activity  is  
apparent  in  the  CV  scans,  indicating  that  most  of  the  charge  storage  capacity  comes  from  
non-­‐‑Faradaic  double  layer  charging.  
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Figure  21:  CV  scans  for  MWCNT  samples  with  varying  morphology.  The  
numbers  on  the  curves  indicate  MWCNT  pore  size.  Inset:  Galvanostatic  charge–
discharge  curve  at  a  constant  current  density  of  5.7  A/g  for  sample  with  inter-­‐‑MWCNT  
spacing  of  506  nm  (67).  
Figure  21  (67)  inset  shows  a  typical  constant  current  charge  discharge  curve  for  
the  sample  with  inter-­‐‑MWCNT  spacing  of  506  nm  at  5.7  A/g.  Symmetric  and  linear  
anodic  and  cathodic  halves  can  be  seen,  consistent  with  capacitive  behavior.  Note  that  
following  convention  (for  example,  see  (81,  82)),  the  term  IR  drop  has  been  utilized  in  
this  inset  to  signify  equivalent  series  resistance,  although  interfacial  potential  changes  
would  also  play  a  role  on  these  time  scales.  Such  capacitive  charge–discharge  behavior  
was  observed  for  all  samples.  The  specific  capacitance  was  calculated  for  the  four  
MWCNT  samples  from  CV  measurements.  
Figure  22  (67)  shows  specific  capacitance  measured  from  the  CV  curves  as  a  
function  of  MWCNT  diameter  and  spacing.  For  vertically  aligned  MWCNTs,  the  inter-­‐‑
CNT  spacing  is  the  effective  porosity.  Specific  capacitance  increased  significantly  as  
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MWCNT  diameter  and  spacing  decreased.  The  same  trend  and  comparable  values  for  
specific  capacitance  were  observed  for  the  galvanostatic  method  and  CV  scans.  The  
maximum  capacitance  (228  F/g)  was  obtained  for  the  sample  with  the  smallest  
diameter/spacing  combination.  A  contributing  factor  to  the  relatively  high  specific  
capacitance  is  the  regular  pore  distribution  of  aligned  CNTs  (83).  Specific  surface  area  
was  calculated  assuming  the  nanotubes  to  be  an  array  of  simple  cylinders  using  a  
method  similar  to  that  of  Ref.  (84).  The  specific  interfacial  capacitance  obtained  in  this  
manner  was  in  the  range  of  1.6  mF/cm2  to  3.3  mF/cm2  with  an  average  value  of  2  mF/cm2.  
Figure  22  (67)  insets  show  that  area  specific  capacitance  remains  constant  with  change  in  
diameter  and  spacing.  This  shows  that  the  increase  in  gravimetric  capacitance  with  
reduction  in  diameter  and  spacing  is  largely  due  to  increase  in  surface  area.  
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Figure  22:  Variation  in  specific  capacitance  with  varying  (a)  diameter  and  (b)  
inter-­‐‑CNT  spacing.  1σ  error  bars  indicate  variation  in  weight  measurement.  Numbers  
in  parentheses  are  the  corresponding  spacing  and  diameter  values  in  parts  (a)  and  (b),  
respectively.  Inset:  Variation  in  area  specific  capacitance  as  a  function  of  (a)  diameter  
and  (b)  spacing  (67).  
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Both  the  spacing  and  diameter  of  the  CNTs  have  an  influence  on  the  
electrochemical  properties  but  the  data  suggests  that  diameter  may  have  a  greater  
impact  on  capacitance.  For  example,  the  345  nm  and  441  nm  samples  have  diameters  
that  are  very  similar  and  hence  the  capacitance  values  are  also  similar,  despite  the  
different  spacings.  Inter-­‐‑  CNT  spacing  and  diameter  were  varied  simultaneously  in  the  
present  work  and  their  effects  on  measured  capacitance  cannot  readily  be  separated.  A  
numerical  analysis  of  CNT  curvature  effects  on  the  diffuse  double  layer  has  been  
performed  (85)  and  can  be  used  to  deconvolve  the  effects  of  diameter  and  spacing  on  
capacitance.  However,  that  approach  is  only  applicable  to  nanotubes  with  radii  less  than  
20  nm  and  in  low  supporting  electrolyte  concentration.  Thus,  it  could  not  be  utilized  in  
the  present  study  because  only  the  sample  with  the  smallest  radius  meets  this  criterion  
and  the  supporting  electrolyte  concentration  is  high.  Three  explanations  were  
considered  for  the  observed  trend  and  overall  improvement  in  electrochemical  
performance  among  these  four  samples:  
1) more  defect  states  (higher  surface  charge  density  may  result  from  higher  density  of  
electrochemically  active  defects  (86,  87))  
2) better  ionic  access  (more  CNT  film  permeation  by  ions),  and  
3) higher  specific  surface  area  (smaller  pores  will  result  in  higher  effective  surface  area).  
Raman  spectroscopy  was  performed  on  the  samples  and  there  was  no  significant  
variation  in  peak  height  for  the  ID/IG  ratio.  This  suggested  that  the  increase  in  specific  
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capacitance  was  not  due  to  a  change  in  defect  state  density.  It  was  previously  observed  
that  the  MWCNTs  used  in  this  study  were  relatively  more  aligned  near  the  base  than  the  
tip  (88).  However,  this  morphological  characteristic  was  common  to  all  the  samples,  
hence  improved  ionic  access  due  to  pore  distribution  did  not  appear  to  be  the  dominant  
factor  in  the  observed  trends.  These  observations  supported  the  explanation  that  
improved  capacitance  was  primarily  attributed  to  an  increase  in  specific  surface  area  by  
optimizing  porosity.  Thus,  there  is  potential  to  further  improve  the  pore  structure  of  
vertically  aligned  CNTs  based  on  tube  geometry  (diameter,  spacing,  alignment,  etc.).  
The  aspect  ratio  is  higher  than  is  observed  in  other  carbon  materials  of  similar  porosity.  
This  large  aspect  ratio  of  the  pores  may  be  contributing  to  the  high  specific  capacitance.  
Most  CNT  electrodes  are  made  from  non-­‐‑aligned  CNTs  where  pore  size  is  
neither  easily  controlled  nor  periodic.  To  the  authors'ʹ  knowledge,  this  work  is  the  first  to  
present  a  trend  in  specific  capacitance  for  the  pore  size  range  of  230  to  506  nm  for  
vertically  aligned  CNTs.  The  trend  in  specific  capacitance  is  a  function  of  the  spacing  
and  diameter.  Smaller  spacing  and  diameter  lead  to  higher  specific  surface  area  and  
consequently  higher  specific  capacitance.  Combining  these  observations  with  previous  
reports  reveals  a  qualitative  trend  between  specific  capacitance  and  pore  size  spanning  
the  porosity  regimes  for  porous  carbon  materials,  shown  in  Figure  23  (67).  
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Figure  23:  Qualitative  trend  of  specific  capacitance  versus  pore  size  (67).  
The  trend  can  be  divided  into  three  regions.  In  Region  1,  specific  capacitance  is  
dominated  by  the  electrochemically  active  surface  area,  increasing  linearly  with  
decreasing  pore  size.  Region  2  begins  when  the  pore  size  decreases  to  about  2×  the  size  
of  the  solvated  ions.  Space  constriction  effects  hinder  ion  diffusion  and  cause  the  slope  
of  the  capacitance–pore  size  relationship  to  change,  resulting  in  either  a  local  maximum  
or  saturation  of  specific  capacitance  as  a  function  of  pore  size  between  regions  1  and  2  
(74,  78,  89,  90).  In  Region  3  (b1  nm  pore  sizes),  there  is  an  increase  in  specific  capacitance  
due  to  distortion  of  the  solvation  shell  of  the  ions  (77).  This  anomalous  increase  in  
specific  capacitance  in  the  sub-­‐‑1  nm  regime  has  been  explained  by  using  first-­‐‑principles  
density  functional  theory  (DFT)  calculations  (91).  This  qualitative  trend  line  links  the  
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three  regions  to  provide  a  continuous  description  of  the  effect  of  pore  size  on  the  
electrochemical  behavior  of  double  layer  electrodes  and  how  various  phenomena  
become  dominant  in  different  pore  size  regimes.  This  understanding  will  aid  
engineering  materials  with  hierarchical  porosity  for  electrochemical  capacitor  
applications.  
Future  work  will  investigate  CNT  geometries  that  extend  Region  1  to  smaller  
pore  sizes  that  approach  the  local  maximum  and  transition  between  Regions  1  and  2.  
Additionally,  other  electrochemical  techniques  will  be  used  to  obtain  a  deeper  
understanding  of  the  role  of  porosity  on  vertically  aligned  CNTs.  
3.4 Conclusions 
Pore  size  of  vertically  aligned  multi-­‐‑walled  CNTs  was  varied  and  the  
corresponding  electrochemical  behavior  was  studied.  It  was  found  that  specific  
capacitance  increased  from  70  to  228  F/g  as  pore  size  decreased  from  506  to  230  nm.  This  
significant  increase  was  attributed  primarily  to  an  increase  in  specific  surface  area  via  a  
reduction  in  pore  size.  Furthermore,  a  qualitative  trend  is  proposed  illustrating  the  
variation  in  specific  capacitance  of  porous  carbon  materials  as  a  function  of  pore  size.  
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4. Growth and Electrochemical Behavior of Graphenated 
Carbon Nanotubes 
This  chapter  extends  our  understanding  of  morphological  effects  on  
electrochemical  capacitance  by  examining  the  effects  of  carbon  edges..  A  novel  carbon  
nanostructure  composed  of  graphene-­‐‑like  foliates  on  vertically  aligned  CNTs  called  as  
graphenated  CNTs  (g-­‐‑CNT)  was  synthesized.    The  effect  of  variation  in  foliate  density  of  
g-­‐‑CNTs  on  capacitance  is  investigated.  Since  g-­‐‑CNTs  are  grown  in  the  same  MPECVD  
system  as  regular  CNTs,  a  design  of  experiments  (DOE)  study  was  planned  to  
understand  the  range  of  structures  and  the  degree  of  morphological  control  possible  
within  the  growth  parameter  space.  Carbon  nanostructures  of  varying  morphology  and  
defects  were  obtained.  The  effects  of  morphological  defects  prevalent  amongst  these  
structures  on  their  capacitance  are  explored.  
  Randin  and  Yeger  first  reported  the  difference  in  capacitance  between  between  
capacitance  densities  at  edges  and  basal  planes  in  carbon  nanostructures  (92).    
Subsequent  studies  have  confirmed  the  relative  contributions  of  edges  and  basal  planes  
of  various  carbon  nanostructures  (93,  94)  and  the  even  the  electrochemical  behavior  of  
monolayer  and  bilayer  graphene  edges  (95).  Morphologically,  g-­‐‑CNTs  are  a  combination  
of  carbon  basal  plane  and  edges.  The  contribution  of  edges  (in  form  of  foliate  density)  on  
capacitance  was  studied  by  employing  EIS.  
  Other  carbon  nanostructures  that  were  synthesized  as  a  part  of  the  DOE,  were  
characterized  and  their  capacitance  was  correlated  to  their  morphological  properties.  
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This  can  lead  to  the  development  of  carbon  electrodes  that  can  be  engineered  for  specific  
applications.  For  that  to  happen,  it  is  crucial  to  understand  the  effect  of  morphological  
characteristics  on  specific  capacitance  and  catalytic  activity.    
4.1 Three-dimensional arrays of graphenated carbon nanotubes 
4.1.1 Introduction 
The  fundamental  advantage  of  a  combined  CNT-­‐‑foliate  structure  is  the  high  
surface  area  framework  of  the  CNTs  coupled  with  the  high  edge  density  of  the  graphene  
sheets.  Graphene  edges  provide  high  charge  density  and  reactivity,  but  they  are  difficult  
to  arrange  in  a  three  dimensional  (3D),  high-­‐‑density  geometry.  CNTs  are  readily  aligned  
in  a  high-­‐‑density  geometry  (i.e.,  a  vertically  aligned  forest)  but  lack  high  charge  density  
surfaces—the  sidewalls  of  the  CNTs  are  similar  to  the  basal  plane  of  graphene.  For  
example,  the  capacitance  expected  for  the  edge  planes  of  graphene  versus  the  basal  
plane  is  3  versus  50  to  70  µμF/cm2.  (92)  Combining  these  properties  by  growing  
protrusions  or  graphitic  foliates  from  CNT  sidewalls  can  provide  a  unique  and  valuable  
3D  nanoarray  of  graphene  edges.  Since  the  thickness  of  the  foliate  structures  can  vary  
from  10  to  20  layers  in  the  present  study,  we  will  refer  to  these  hybrid  structures  more  
generally  as  “graphenated  CNTs”  (g-­‐‑CNTs)  and  the  foliate  structures  as  “graphitic  
foliates”  or  just  “foliates”.  They  can  be  considered  a  foliated  CNT  because  they  are  
reminiscent  of  a  striated,  leaf-­‐‑like  structure  growing  from  a  CNT  stem  or  a  foliated  
column  in  gothic  architecture.    
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Many  applications  require  high  charge  density  materials  at  the  nano-­‐‑  or  
microscale,  such  as  electrical  conductors  for  nanoscale  solid  state  devices,  and  therefore  
would  benefit  from  high  charge  densities  at  edges.  Examples  of  applications  that  could  
benefit  from  the  combined  structure  include  (i)  an  electrochemical  double  layer  
capacitor  or  “supercapacitor,”  (59)  (ii)  a  neural  stimulation  electrode,  (96)  and  (iii)  a  field  
emission  electron  source  (97).  These  g-­‐‑CNT  structures  may  also  be  advantageous  in  
CNT–polymer  composites  (98,  99),  providing  protrusions  to  enable  mechanical  
interlocking  between  the  CNTs  and  the  matrix  as  well  as  reactive  sites  along  the  length  
of  the  CNT  for  chemical  binding  to  the  polymer  matrix.  One  of  the  problems  reported  
for  composites  that  use  CNTs  as  the  reinforcing  phase  is  stress  transfer  from  the  matrix  
to  the  CNT.  The  edge  structure  of  graphitic  foliates  can  enable  a  controllable  level  of  
chemical  interaction  with  the  matrix  and  the  flat  surfaces  of  the  foliates,  forming  an  
interlocking  structure  that  mechanically  transfers  the  load.  
Kurt  et  al.  (98,  100,  101)  have  grown  “decorated  C:N  Nanotubes”  using  hot  
filament  growth  of  surface  decorations  on  CNTs,  resulting  in  structures  with  some  
similarities  to  those  presented  here.  The  structures  were  described  as  “disordered  multi-­‐‑
walled  nano-­‐‑tubes”  that  were  “probably  hollow”  and  the  graphitic  decorations  were  
described  as  “lamellar  needle-­‐‑like  structure  with  a  preferential  radial  growth  direction  
(perpendicular  to  the  tube  axis).”  (100)  Mata  et  al.  (102)  have  also  reported  what  appear  
to  be  graphitic  nanosheets  integrated  with  CNTs  in  the  context  of  a  study  on  the  
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nucleation  of  carbon  nanostructures  on  nickel  foil.  Although  there  is  little  discussion  on  
the  details  of  the  structure,  Mata  et  al.  identified  the  core  structures  as  carbon  nanofibers  
rather  than  CNTs.    
The  present  research  reports  the  growth  and  characterization  of  g-­‐‑CNTs—a  
nanostructure  that  has  the  potential  to  integrate  the  exceptional  properties  of  graphene  
or  graphitic  nanosheets  with  those  of  CNTs  by  growing  the  nanosheets  or  foliates  
protruding  from  the  sidewalls  of  the  CNTs.  A  proposed  mechanism  for  foliate  formation  
during  CNT  growth  is  also  presented.  
4.1.2 Experimental 
g-­‐‑CNTs  were  grown  using  a  915  MHz  MPECVD  system.  To  prepare  the  
substrates,  5-­‐‑nm  iron  films  were  deposited  on  Silicon  (100)  wafers  using  a  CHA  electron-­‐‑
beam  evaporation  system.  Prior  to  growth,  the  coated  substrates  were  heated  to  1050  °C  
in  150  sccm  of  NH3,  followed  by  striking  and  stabilizing  a  plasma  at  21  Torr  and  2.1  kW  
of  magnetron  input  power.  The  pressure  of  21  Torr  was  maintained  throughout  the  
pretreatment  and  growth  steps.  Substrates  were  then  pretreated  for  180  s  in  the  plasma.  
Following  pretreatment,  growth  of  the  g-­‐‑CNTs  was  accomplished  by  changing  the  gas  
flow  to  150  sccm  CH4  and  50  sccm  NH3  for  360  s.  Details  of  the  deposition  system  can  
be  found  in  Cui  et  al  (79).  
SEM  images  of  these  nanostructures  can  be  seen  in  Figure  24  (103).  Through  
adjustments  in  growth  conditions,  the  density  
  59  
none  (i.e.,  only  CNTs  grow),  low  density  [Figure  24(a)],  medium  density  [Figure  24(b)],  
to  high  density  [Figure  24(c)].  Increasing  density  is  accomplished  by  a  combination  of  
higher  growth  temperature,  higher  methane  to  ammonia  ratio,  and/or  longer  growth  
time,  as  described  in  more  detail  later.  Raman  spectroscopy  was  performed  with  a  
Horiba  Jobin  Yvon  LabRam  ARAMIS  system  (Horiba,  Kyoto,  Japan)  that  was  calibrated  
using  a  silicon  standard  before  use.  SEM  was  performed  using  a  FEI  XL30  SEM-­‐‑FEG  
(FEI,  Hillsboro,  OR)  and  TEM  was  performed  with  a  FEI  Tecnai  G2  Twin  with  an  
accelerating  voltage  of  200  kV.  
  
Figure  24:  SEM  images  of  g-­‐‑CNTs.  (a)  Low-­‐‑density  graphene  foliates  on  a  
CNT.  (b)  Medium-­‐‑density  graphene  foliates  on  a  CNT.  (c)  High-­‐‑density  graphene  
foliates  on  a  CNT.  Structures  were  reproducible  and  observed  over  several  square  
centimeters  after  microwave  plasma  chemical  vapor  deposition  growth.  (d)  Cross-­‐‑
sectional  SEM  image  showing  a  typical  aligned  g-­‐‑CNT  film  (103).  
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4.1.3 Results and Discussion 
g-­‐‑CNTs  consist  of  perpendicularly  oriented  foliates  growing  out  from  the  
sidewalls  of  multiwall  CNTs.  Figure  24(a)–1(c)  (103)  show  three  different  densities  of  
foliates.  Figure  24(d)  (103)  depicts  an  SEM  cross  section  of  a  typical  film  of  semialigned  
CNTs  with  foliates  along  their  length.  The  density  of  foliates  can  be  controlled  by  
varying  the  growth  conditions.  In  Figure  24(a)–Figure  24(c)  (103),  the  foliate  density  per  
micron  of  CNT  length  increases  from  4.2  to  5.3  to  >15.0,  respectively.    
TEM  images  of  the  g-­‐‑CNTs  (Figure  25  (103))  provide  additional  insight  into  the  
nucleation  and  growth  of  the  foliated  structures.  The  hollow  core,  characteristic  of  CNTs  
(104),  is  clearly  observed  in  Figure  25(a)  (103).  The  CNT  sidewalls,  however,  are  
unusually  thick  relative  to  the  diameter,  a  consistent  characteristic  for  the  g-­‐‑CNTs  
observed  in  this  work.  What  appears  to  be  secondary  nucleation  is  also  observed  in  
Figure  25(b)  (103);  smaller  foliates  protruding  from  the  primary  “leaf”  itself  growing  
normal  to  the  CNT  sidewall.  The  specific  mechanism  for  secondary  nucleation  is  
currently  unknown  and  will  be  the  topic  of  future  studies  but  defects  at  the  active  
growth  surface  of  the  foliate  are  expected  to  play  a  role  (105).  The  majority  of  the  foliates  
grow  with  a  curvature  vector  that  is  coplanar  with  the  axis  of  CNT  growth,  i.e.,  the  
curvature  being  either  concave  up  or  concave  down,  suggesting  that  the  fiber  texture  of  
the  foliate  may  have  nucleated  from  the  original  fiber  texture  of  a  fractured  CNT.  
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Figure  25:  Transmission  electron  microscopy  images  of  g-­‐‑CNTs.  (a)  The  hollow  
core  of  the  nanotube  shows  graphene  foliates  in  CNTs,  rather  than  nanofibers  (b)  
Secondary  nucleation  of  graphene  foliates  is  indicated  by  arrows.  The  presence  of  
secondary  nucleation  indicates  an  active  growth  surface  on  the  graphene  foliates.  (c)  
Coherent  interface  between  CNT  sidewall  and  graphene  foliates.  Inset:  lower  
magnification  image  of  same.  (d)  Incoherent  interface  between  nanotube  sidewall  and  
the  graphene  foliates.  Inset:  lower  magnification  image  of  same.  (e)  Lattice  fringes  
from  CNT  stem  and  graphene  foliate  are  visible.  The  average  of  11  fringes  for  the  
CNT  and  leaf  gives  values  of  0.362  nm  in  the  foliate  and  0.351  nm  for  the  CNT.  This  is  
consistent  with  a  range  of  0.345  to  0.365  nm  for  CNTs  (104).  (f)  A  foliate  around  10  
layers  thick.  As  is  typical  for  the  foliates,  it  is  thicker  near  the  base  where  it  is  
attached  to  the  nanotube  and  gets  thinner  towards  the  edge  (103).  
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TEM  also  indicated  that  both  coherent  and  incoherent  boundaries  existed  
between  the  CNT  sidewalls  and  the  foliates  (Figure  25(c)  and  Figure  25(d)  (103)),  
respectively,  where  the  coherent  boundaries  tended  to  be  associated  with  smaller  
foliates.  Theories  of  interface  development  in  nucleation  and  growth  of  a  new  phase  can  
provide  some  insights  about  the  CNT–foliate  interface  (106).  As  a  new  phase  nucleates  
on  an  existing  surface,  the  interface  between  the  two  materials  generally  begins  as  a  
coherent  boundary  if  the  lattice  mismatch  is  small.  As  growth  of  the  new  phase  
proceeds,  interfacial  dislocations  tend  to  form  to  relieve  the  strain  energy  that  builds  at  
the  interface  due  to  mismatch  of  the  lattices.  When  the  nucleus  reaches  a  critical  size,  the  
increase  in  volumetric  elastic  energy  is  greater  than  the  interfacial  energy  and  the  
interface  becomes  incoherent  to  relieve  the  elastic  strain  that  has  developed  (106).  
Similarly,  in  the  present  case,  the  lattice  mismatch  between  the  foliates  and  the  CNT  
sidewalls  would  result  in  coherent  interfaces  for  small  foliates  in  the  early  stages  of  
nucleation  and  growth  and  incoherent  interfaces  between  larger  foliates  and  the  CNT  
sidewalls  as  has  been  observed  by  TEM.  The  coplanar  alignment  suggests  that  the  
graphene  foliates  may  have  nucleated  from  defects  or  fractures  in  the  CNT  sidewall.  
Figure  25(c)  (103)  shows  a  coherent  interface,  with  the  lattice  fringes  bending  
from  the  CNT  sidewall  to  the  foliate,  suggesting  a  single  continuous  carbon  layer  can  be  
part  of  both  the  CNT  sidewall  and  the  foliate.  Figure  25(d)  (103)  shows  an  incoherent  
interface,  where  the  foliate  appears  to  have  a  break  in  the  lattice  fringes  between  the  
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CNT  sidewall  and  the  graphene  layers.  This  could  indicate  a  high  angle  twin  (106)  or  a  
grain  boundary  between  the  CNT  sidewall  and  the  foliate.  Additional  evaluation  of  the  
lattice  fringes  [Figure  25(e)  (103)]  indicates  that  the  fringe  spacing  for  the  CNT  and  the  
foliate  is  consistent  with  graphene  lattice  spacing.  The  lattice  fringes  were  0.362  nm  
(average  of  11  fringes)  for  the  foliate  versus  0.351  nm  for  the  CNT  (average  of  11  fringes).  
The  trend  in  the  fringe  spacing  is  consistent  with  previous  work  on  the  variation  of  the  
layer  spacing  of  graphene  sheets  as  a  function  of  CNT  diameter  that  found  a  smaller  
number  of  layers  have  a  larger  lattice  spacing  (104,  107).  Figure  25(f)  (103)  shows  a  thin  
foliate  with  approximately  10  fringes  at  the  base  and  narrowing  to  just  a  few  fringes  at  
the  tip.  
Raman  spectroscopy  was  used  to  characterize  the  different  bonding  states  
present  in  the  g-­‐‑CNTs  compared  to  standard  CNTs.  Although  the  peak  designations  for  
Raman  spectra  of  CNTs  and  graphene  are  still  debated  (compare  designations  of  the  
band  at  2700  cm-­‐‑1  in  Ferrari  et  al.  (108)  and  Faugeras  et  al.  (109)),  there  is  reasonable  
consensus  about  the  primary  peaks  designations.  For  CNTs  and  graphene,  these  peaks  
are  the  D,  D’,  G,  and  G’.    Their  descriptions  follow  the  review  of  Raman  of  CNTs  and  
graphene  by  Dresselhaus  et  al.  (110)  Representative  spectra  from  g-­‐‑CNTs  and  standard  
CNTs  are  presented  in  Fig.  3,  showing  an  increase  in  G’  to  G  ratio  when  the  foliate  
structures  are  present  on  the  CNTs.  This  increase  suggests  the  presence  of  graphene  on  
the  foliated  CNTs.  In  summary,  SEM,  TEM,  and  Raman  spectroscopy  reveal  several  
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characteristics  of  the  g-­‐‑CNTs.  First,  the  CNTs  have  hollow  cores  and  straight  sidewalls  
(Figure  25  (103)).  Second,  the  foliates  grow  out  of  the  CNTs  and  are  not  simply  attached  
by  van  der  Waals  bonding  (Figure  25  (103)).  Third,  the  nanosheets  have  a  fringe  spacing  
that  agrees  with  published  values  for  graphene  layer  spacing,  i.e.,  greater  than  0.35  nm  
(Figure  25(e)  (103)).  The  thinnest  foliates  and  tips  of  thicker  foliates  are  graphene-­‐‑like  in  
their  thickness  (<10  layers),  while  the  base  of  the  thicker  foliates  are  more  graphitic,  like  
the  wall  of  the  host  CNT  (Figure  25(e)).  Fourth,  Raman  spectra  of  g-­‐‑CNTs  versus  
standard  CNTs  suggests,  by  changes  in  relative  peak  intensity,  that  there  is  a  higher  
graphene  component  in  the  g-­‐‑CNTs  versus  standard  CNTs  (Figure  26  (103)).  
  
Figure  26:  Standard  CNTs  are  compared  to  g-­‐‑CNTs.  The  expected  increase  for  
the  ratio  of  G9  to  G  for  the  g-­‐‑CNTs  is  observed.  The  spectra  are  smoothed  to  remove  
digitizer  noise  (103).  
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4.1.4 Applications for g-CNTs 
g-­‐‑CNTs  should  be  interesting  in  several  application  areas,  especially  those  that  
benefit  from  high  surface  area  graphene  edges.  Carbon  nanosheets  on  planar  substrates  
do  not  utilize  the  third  dimension  (i.e.,  perpendicular  to  the  substrate),  limiting  any  
improvement  in  surface  area  for  applications  such  as  electrochemical  electrodes  and  
catalyst  supports,  where  high  surface  area  is  important.  In  addition,  since  only  the  outer  
CNT  walls  are  involved  in  the  foliate  growth,  the  high  electrical  conductivity  of  the  CNT  
stem  is  preserved.  Finally,  unlike  planar  structures,  the  graphenated  CNT  is  a  potential  
candidate  for  composites,  from  lightweight  conductors  to  load-­‐‑bearing  structures.  
Problems  reported  for  the  bonding  of  CNTs  to  the  matrix  in  these  composites  (98,  99)  
can  be  overcome  using  the  reactivity  of  graphene  edges  present  in  these  structures.  The  
protrusions  can  also  act  as  mechanical  interlocking  nanostructures  to  decrease  slippage  
during  deformation.  An  application  area  of  growing  interest  for  carbon  nanostructures  
in  general  is  as  electrochemical  electrodes  for  either  energy  storage  (19,  111,  112)  or  
neural  stimulation  (113-­‐‑120).  
4.1.5 Summary 
g-­‐‑CNTs  have  been  grown  with  MPECVD.  The  graphitic  foliates  nucleate  on  the  
CNT  surface  during  deposition  and  appear  uniformly  along  the  length.  g-­‐‑CNTs  can  be  
grown  with  consistency  and  controllability  with  respect  to  shape,  size,  density,  and  
other  morphological  properties  for  both  the  CNT  framework  and  the  foliate  structure.  
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The  interface  between  foliates  and  the  CNT  sidewall  has  been  characterized  and  is  either  
a  coherent  or  low-­‐‑angle  grain  boundary.  These  structures  may  be  ideal  candidates  for  
improved  charge  storage  and  other  electrochemical  applications.  
4.2 Graphenated carbon nanotubes for enhanced 
electrochemical double layer capacitor performance 
4.2.1 Introduction 
Electrochemical  double-­‐‑layer  capacitors  or  “supercapacitors”  are  gaining  in  
popularity  for  applications  ranging  from  hybrid  structures  in  automotive  energy  storage  
to  load  leveling  in  power  transmission  (121,  122).  Electrodes  for  neural  stimulation  also  
require  high  capacitance  with  both  faradaic  and  non-­‐‑faradaic  components,  and  thus  may  
benefit  from  improvements  in  electrochemical  double  layer  capacitors  (96).  To  optimize  
such  capacitors,  high  charge  density  materials  on  the  nano-­‐‑  and/or  micro-­‐‑scale  are  
required,  inspiring  opportunities  to  engineer  structures  that  integrate  improvements  on  
both  scales.  To  optimize  such  capacitors,  high  charge  density  materials  on  the  nano-­‐‑  
and/or  micro-­‐‑scale  are  required,  inspiring  opportunities  to  engineer  structures  that  
integrate  improvements  on  both  scales.  The  growth  and  characterization  of  graphene  
foliates  along  the  length  of  vertically  aligned  CNTs  was  discussed  in  the  previous  
section.    Yu  et  al.  (123)  also  observed  high  density  multi-­‐‑layer  graphene  chemically  
bound  to  CNTs  and  examined  their  electronic  and  optoelectronic  properties.  This  section  
covers  structures  with  varying  foliate  density  and  their  double  layer  capacitance  is  
examined  to  provide  insights  for  electrode  applications.  A  microstructural  classification  
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scheme  is  also  proposed  to  describe  the  role  of  graphene  edges,  three-­‐‑dimensional  (3D)  
organization,  and  other  features  of  hybrid  carbon  systems  on  their  electrochemical  
properties.  
The  fundamental  advantage  of  an  integrated  graphene-­‐‑  CNT  structure  is  the  
high  surface  area  three-­‐‑dimensional  framework  of  the  CNTs  coupled  with  the  high  edge  
density  of  graphene.  Graphene  edges  provide  significantly  higher  charge  density  and  
reactivity  than  the  basal  plane,  but  they  are  difficult  to  arrange  in  a  three-­‐‑dimensional,  
high  volume  density  geometry.  CNTs  are  readily  aligned  in  a  high  density  geometry  
(i.e.,  a  vertically  aligned  forest)  (79)  but  lack  high  charge  density  surfaces—the  sidewalls  
of  the  CNTs  are  similar  to  the  basal  plane  of  graphene  and  exhibit  low  charge  density  
except  where  edge  defects  exist.  For  example,  Rice  and  McCreery  (124)  and  others  (92,  
125-­‐‑127)  have  reported  that  the  capacitance  expected  for  the  basal  plane  of  graphene  vs.  
the  edges  is  3  vs.  50  to  70  µμF/cm2,  respectively.  Integrating  the  properties  of  these  two  
nanostructures  by  growing  protrusions  or  foliates  of  graphene  from  CNT  sidewalls  
provides  a  means  to  optimize  the  hybrid  structure,  enabling  significantly  higher  charge  
storage  capacity  than  either  of  the  two  materials  can  achieve  on  their  own.  These  
structures  are  referred  to  as  “graphenated  CNTs”  and  the  individual  multi-­‐‑layer  
graphene  protrusions  are  referred  to  as  foliates  due  to  the  leaf-­‐‑like  nature,  growing  from  
the  CNT  stem.  
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4.2.2 Experimental 
The  details  for  the  g-­‐‑CNT  growth  process  have  been  described  in  the  previous  
section.  The  foliate  density  was  controlled  by  controlling  the  deposition  time  in  the  last  
step  of  the  MPECVD  growth  process.  As  seen  in  Figure  27(a)-­‐‑Figure  27(c)  (128),  the  
deposition  times  of  60  s  to  480  s  resulted  in  increasing  foliate  density.    
  
Figure  27:  SEM  micrographs  of  the  graphenated  CNTs  as  a  function  of  
deposition  time.  The  foliate  density  increases  as  a  function  of  deposition  time  (a)  180  
s,  (b)  360  s,  and  (c)  480  s  (Inset:  TEM  of  graphene  foliate  showing  hollow  CNT  core.  
Foliate  indicted  by  the  arrow.  Scale  bar  is  100  nm.)  (128)  
The  inset  in  Figure  27(c)  (128)  is  a  TEM  image  of  a  typical  foliate,  showing  a  
multi-­‐‑layer  graphene  structure,  coherent  with  the  CNT  sidewalls.  For  the  purpose  of  this  
study,  only  the  deposition  time  was  varied  so  as  to  limit  effects  of  microstructural  
changes  to  the  underlying  CNT  framework  caused  by  expanding  the  process  space.  
The  specific  capacitance  was  measured  using  EIS  between  0.1  Hz  and  100  kHz  
using  a  1252  frequency  response  analyzer  and  1287  electrochemical  interface  (Solartron  
Analytical)  with  an  Ag-­‐‑AgCl  reference  electrode  in  Model  ISF,  a  biological  simulant  
electrolyte.  These  CNT-­‐‑electrodes  were  initially  developed  for  neural  stimulation,  thus,  
a  biological  simulant  (129)  was  utilized  as  the  electrolyte.  Other  electrolytes  with  similar  
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conductivity  are  expected  to  provide  similar  trends  in  capacitance,  and  more  conductive  
electrolytes  (e.g.,  25%  KOH  a  standard  aqueous  electrolyte  used  in  supercapacitor  
measurement)  should  result  in  a  higher  initial  capacitance  due  to  the  lower  solution  
resistance.  Future  research  will  evaluate  the  g-­‐‑CNT  structures  in  electrolytes  optimized  
for  supercapacitor  performance.  The  purpose  of  this  letter  is  to  report  on  the  effect  of  
adding  graphene  structures  to  aligned  CNTs  and  the  preliminary  capacitance  trends  as  a  
function  of  foliate  density.  Capacitance  was  obtained  by  performing  EIS  scans  over  the  
above  frequency  range  and  then  fitting  the  impedance  magnitude  and  phase  data  to  the  
electrode  equivalent  circuit  model  shown  in  Figure  28  (128).  A  model  with  a  parallel  
combination  of  C1  and  C2  was  examined  and  provided  a  better  fit  to  the  data  than  a  
single  R-­‐‑C  model  (nonetheless,  trends  of  capacitance  vs.  graphene  foliate  density  were  
similar  for  both  cases).  Given  the  hybrid  structure  of  the  g-­‐‑CNT,  it  can  be  hypothesized  
that  C1  is  associated  with  the  double-­‐‑layer  capacitance  (attributed  primarily  to  the  
exposed  graphene  edges  and  edge  defects  in  the  CNT  sidewalls)  and  C2  with  the  
pseudo-­‐‑capacitance  (attributed  to  Faradaic  charge  transfer  reactions  across  the  
interface).  However,  our  goal  for  the  current  work  is  simply  to  report  on  the  effect  of  
increasing  graphene  foliate  density  on  capacitance.  Future  work  will  examine  such  an  
assignment  of  C1  and  C2  to  determine  its  validity.  In  this  circuit  model,  resistor  R2  is  the  
resistance  associated  with  charge  transfer  and  Rs  is  the  equivalent  series  (or  solution)  
resistance  of  the  electrolyte.    
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4.2.3 Results and Discussion 
For  the  purpose  of  future  comparisons,  the  capacitance  data  were  normalized  
with  respect  to  area  and  mass  of  the  exposed  g-­‐‑CNT  film.  The  mass  normalized  results  
are  shown  in  Figure  29  (128)  and  similar  trends  were  observed  on  a  specific  nominal  
area  basis  (not  shown).  The  data  were  fit  over  two  frequency  regimes:  low  frequency  (1–
10  Hz),  representing  energy  storage,  or  load  leveling  types  of  applications  for  super  
capacitors;  and  high  frequency  (10  Hz–10  kHz),  representing  applications  such  as  neural  
stimulation  which  require  pulsed  or  high  frequency  operation.  
  
Figure  28:  Equivalent  circuit  model  used  for  EIS  analysis  of  electrode  
electrolyte  interface.  Rs  represents  the  solution  resistance,  C1  the  double  layer  
capacitance  due  to  linear  edge  defects,  C2  the  Faradaic  pseudocapacitance,  and  R2  the  
charge  transfer  resistance  (128).  
The  capacitance  data  for  both  low  and  high  frequency  regimes  are  plotted  in  
Figure  29(a)  (128)  as  a  function  of  deposition  time.  Both  C1  and  C2  show  increases  as  a  
function  of  deposition  time,  which  corresponds  to  foliate  density,  at  low  and  high  
frequency,  suggesting  that  optimization  of  a  hybrid  CNT-­‐‑graphene  structure  should  
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lead  to  further  improvements  over  either  of  these  two  structures  optimized  on  their  
own.  
  
Figure  29:  (Color  online)  Plots  as  a  function  of  g-­‐‑CNT  deposition  time  based  
on  EIS  analysis  for  (a)  Capacitance,  double  layer  (C1)  and  pseudo-­‐‑capacitance  (C2)  
and  (b)  charge  transfer  resistance  (R2)  (128).  
It  is  interesting  to  note  that  there  are  measurable  increases  in  capacitance  from  
60–180  s,  before  graphene  foliates  are  observable  via  SEM.  The  first  foliates  are  not  
visible  until  after  180  s,  yet  there  is  already  a  greater  than  2X  improvement  in  
capacitance.  The  initial  increase  in  capacitance  prior  to  noticeable  formation  of  graphene  
foliates  may  be  due  to  the  formation  of  edge-­‐‑type  defects  along  the  length  of  the  CNTs;  
defects  that  form  the  nucleation  sites  for  the  graphene  foliates.  In  fact,  there  are  
noticeable  undulations  along  the  length  of  the  CNTs  prior  to  foliate  formation  (130),  
suggesting  defects  and  compressive  stress.  Fracture  following  excessive  compressive  
stress  is  hypothesized  as  a  foliate  nucleation  mechanism  and  may  provide  sufficient  
edge  defects  even  before  foliates  are  observed  via  SEM.  The  primary  difference  between  
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the  high  and  low  frequency  data  is  the  charge  transfer  resistance  (R2),  shown  in  Figure  
29(b)  (128).  In  both  regimes,  R2  decreases  as  a  function  of  deposition  time  and  foliate  
density,  representing  a  decreasing  RC  time  constant  for  charge  transfer,  consistent  with  
an  increase  in  the  density  of  reactive  graphene  edges.  However,  over  the  higher  
frequency  regime,  R2  is  an  order  of  magnitude  lower,  suggesting  that  the  R2-­‐‑C2  
combination  is  more  efficient  (faster)  at  higher  frequency  charge  transfer.  Ongoing  
research  is  designed  to  isolate  this  mechanism  and  study  the  frequency  dependent  
charge-­‐‑transfer  effect  and  its  correlation  to  the  g-­‐‑CNT  microstructure.  In  addition,  the  
structures  will  be  optimized  for  charge  storage.  A  higher  density  of  graphene  foliates,  as  
shown  in  Figure  30  (128),  will  also  be  examined  during  that  optimization.  
  
Figure  30:  SEM  of  an  ultra  high  foliate-­‐‑density  graphenated  CNT  (128).  
To  help  explain  the  properties  of  this  CNT-­‐‑graphene  hybrid,  Table  5  (128)  
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outlines  a  microstructural  classification  of  various  carbon  nanostructures  in  the  context  
of  their  edge  or  basal  plane  exposure  and  whether  they  are  predominantly  planar  or  
organized  in  a  3D  network.  For  a  comprehensive  review  of  carbon  electrode  materials  
for  electrochemical  applications,  the  reader  is  also  referred  to  the  excellent  review  by  
McCreery  (127).  
Table  5:  Microstructural  classification  of  carbon  nanostructures  for  
electrochemical  capacitors  (128).  
Structure  schematic   Examples   Description   Reference  
  
HOPG   Low  charge  density.  
Primarily  graphene  
basal  plane  exposure  
Kneten  
et  al.  (131)  and  
Inaba  et  al.  
(132)  
  
Graphite   Mostly  basal  plane  
exposure  with  moderate  
density  of  edges  
Flandrois  
et  al.  (133)  and  





Mixture  of  edge  and  






Mostly  edge  exposure  of  
graphene  or  graphite  
nanosheets  






organized  into  a  3D  
network  with  mixture  of  
edge  and  basal  plane  
Ryoo  et  al.  (137)  
  
g-­‐‑CNTs   Graphene  foliates  with  
both  edge  and  basal  
plane  exposure,  
organized  in  3D  
structure  
Yu  et  al.  (123)  
and  Parker  




3D  organization  of  CNTs  
with  mostly  basal  plane  
exposure  
Cui  et  al.  (79)  
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The  present  research  focuses  more  on  the  role  of  specific  carbon  nanostructures  
in  relationship  to  the  g-­‐‑CNT  hybrid  material.  The  table  starts  with  highly  oriented  
pyrolytic  graphite  (HOPG)  (131,  132),  which  is  dominated  by  large  areas  of  basal  plane  
exposure,  and  then  transitions  through  microstructures  that  have  increasing  edge  
exposure  (133-­‐‑137)  but  still  are  essentially  two  dimensional  (i.e.,  a  single  unstacked  layer  
of  edges),  and  then  on  to  three-­‐‑dimensional  organization  represented  by  the  g-­‐‑CNTs  
(Refs.  (130)  and  (123))  and  aligned  CNTs  (79).  Optimizing  this  microstructure  for  
double-­‐‑layer  capacitance  involves  a  combination  of  geometric,  microstructural,  and  
electronic  factors,  all  leading  to  an  increase  in  charge  storage  capacity.  Graphene  
nanosheets,  with  their  high  density  of  exposed  graphene  edges,  have  significantly  
higher  surface  charge  density  than  CNTs  and  HOPG,  but  are  planar  structures  and  
difficult  to  organize  in  a  3D  network.  Aligned  CNTs  provide  a  well-­‐‑organized,  high  
surface  area  3D  geometry,  but  have  primarily  basal  plane  exposure.  The  g-­‐‑CNT  
structure  represents  a  potential  maximum  in  both  charge  density  and  surface  area,  
representing  the  3D  organization  of  the  high  charge-­‐‑density  graphene  edges,  arranged  
into  a  larger  electrochemically  active  volume.  Thus,  on  a  specific  density  or  nominal  area  
basis,  such  structures  provide  the  highest  capacitance.  
4.2.4 Summary 
This  section  presents  enhanced  electrochemical  double-­‐‑layer  capacitance  as  a  
function  of  increasing  graphene  foliate  density  along  aligned  CNTs.  Both  high  and  low  
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frequency  measurements  showed  significant  increases  in  capacitance  with  increasing  
foliate  density.  This  increase  is  attributed  to  the  higher  surface  charge  density  present  at  
graphene  edges  in  combination  with  the  3D  organization  of  the  graphene  foliates  
achieved  via  a  network  of  aligned  CNTs.  
4.3 Transitions from vertically aligned carbon nanotubes to 
graphenated carbon nanotubes to vertically oriented carbon 
nanosheets and their corresponding electrochemical behavior 
4.3.1 Introduction 
The  MPECVD  reactor  used  to  grow  vertically  aligned  CNTs  and  g-­‐‑CNTs  is  very  
versatile  in  that  the  same  system  can  be  used  to  grow  different  form  of  nanostructured  
carbon  by  changing  growth  conditions.  A  systematic  parametric  study  of  the  MPECVD  
reactor  was  conducted  gain  insights  into  growth  mechanisms  and  transition  between  the  
different  types  of  nanostructured  carbons.  A  DOE  approach  was  utilized  to  understand  
the  range  of  growth  permitted  in  a  MPECVD  reactor,  with  a  focus  on  identifying  
graphenated  carbon  nanotube  growth  within  the  process  space.  One  of  the  key  
outcomes  of  the  study  was  that  for  the  first  time,  three  distinct  morphologies  and  
dimensionalities  of  carbon  nanostructures  (i.e.  1D  CNTs,  2D  CNSs,  and  3D  g-­‐‑CNTs)  
have  been  synthesized  in  the  same  reaction  chamber  by  varying  only  a  single  parameter  
(temperature).  Apart  from  facilitating  prediction  and  modeling  morphological  
characteristics  various  nanostructures,  a  relationship  between  deposition  temperature  
and  specific  capacitance  emerged  as  a  result  of  this  study.  
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4.3.2 Experimental 
4.3.2.1  Materials  Synthesis  
N-­‐‑type  conductive  silicon  (100)  wafers  with  resistivity  1  Ω/cm  were  coated  with  
iron  catalyst  at  RTI  International  using  a  CHA  electron  beam  evaporation  system.  
Wafers  were  coated  with  2,  5,  and  10  nm  Fe  catalyst  layers,  yielding  three  different  
thicknesses  for  the  parametric  study.  Carbon  nanostructures  were  grown  using  a  915  
MHz  MPECVD  system.  Details  of  the  deposition  system  can  be  found  in  previous  
chapters  and  Cui  et  al  (79).  
The  screening  experiments  preceding  the  DOE  employed  a  process  space,  as  seen  
in  Figure  31  (138),  comprised  of  temperature,  pretreatment  time,  and  gas  ratio.    Probing  
the  corners  of  this  cube  revealed  vertically  aligned  CNTs  on  the  800  °C  plane,  and  
ribbon-­‐‑like  carbon  nanosheets  on  the  1100  °C  face.  This  nanosheet  morphology  was  
achieved  using  the  same  substrate  and  growth  conditions,  aside  from  temperature,  as  
carbon  nanotube  films.  The  full  experimental  design  incorporated  temperature,  gas  
ratio,  pretreatment  time,  deposition  time,  and  catalyst  thickness  as  factors;  and  for  the  
purpose  of  this  discussion,  capacitance  as  response  (for  details  refer  Appendix  A).    
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Figure  31:  A  set  of  DOE  screening  experiments  preceded  the  full  process  space  
analysis  for  the  purpose  of  identifying  key  factors  that  most  strongly  affect  carbon  
nanostructure  morphology.  The  screening  runs,  in  this  case,  highlight  the  
temperature-­‐‑driven  shift  from  the  CNT  to  CNS  morphology  (138).  
4.3.2.2  Electrochemical  Setup  
The  electrochemical  setup,  including  the  cell  and  sample  preparation,  has  been  
discussed  in  detail  in  a  previous  publication  (59).  Briefly,  a  three  terminal  
electrochemical  cell  with  working,  counter,  and  reference  electrodes  (K0235  by  Princeton  
Applied  Research)  was  used.  The  working  electrode  was  the  nanostructured  electrode  
under  study,  the  counter  electrode  was  a  Pt  mesh  (3  cm—2.5  cm),  and  the  reference  was  
an  Ag  wire  in  1  M  tetrabutylammonium  perchlorate  (TBAP)  and  0.01M  silver  nitrate  
(AgNO3)  in  acetonitrile  (reference  electrode-­‐‑RE-­‐‑7  and  its  solution  supplied  by  BioLogic).  
The  reference  electrode  resided  in  a  separate  subsection  of  the  cell  connected  to  the  
region  near  the  double  layer  interface  of  the  working  electrode  by  a  Luggin-­‐‑Haber  
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capillary  tube.  The  electrolyte  used  was  1  M  LiClO4  in  acetonitrile.  The  potentiostat  was  
a  SP-­‐‑300  (Bio-­‐‑Logic).  All  chemicals  were  used  as  received.  
4.3.2.3  Sample  Preparation  and  Electrochemical  Measurement  
The  sample  was  mounted  on  a  piece  of  sheet  metal  using  copper  tape.  An  
electrical  contact  was  made  by  painting  conductive  silver  epoxy  on  the  nanostructure  
side.  The  nominal  active  area  of  the  electrode  as  defined  by  a  PTFE  gasket  was  1.43  mm2.  
Cyclic  voltammetry,  galvanostatic  charging/discharging  and  electrochemical  impedance  
spectroscopy  were  performed  on  all  the  samples.  Values  of  specific  capacitance  were  
calculated  from  cyclic  voltammetry  performed  at  a  scan  rate  of  50  mV/s  
4.3.3 Results and Discussion 
4.3.3.1  Temperature  Effects  on  Morphology  
The  most  influential  factor  in  determining  film  morphology  during  the  
parametric  study  was  temperature  (Figure  32  (138)).  By  varying  temperature  alone,  the  
resultant  film  could  consist  of  carbon  nanotubes,  graphenated  carbon  nanotubes,  or  
carbon  nanosheets.  To  further  illustrate  this  result,  a  temperature  series  was  conducted  
using  growth  conditions  of  180  sec  pretreatment  time,  120  sec  deposition  time,  3:1  
CH4:NH3  ratio,  and  5  nm  Fe  catalyst  layer  for  each  experiment.  As  seen  in  Figure  32  
(138),  an  increase  in  process  temperature  from  950  °C  to  1000  °C  transitions  the  resultant  
nanostructures  from  CNTs  to  g-­‐‑CNTs,  and  tubes  are  no  longer  present  in  the  CNS  
structure  grown  at  1100  °C.  Thus,  g-­‐‑CNTs  have  emerged  as  an  intermediate  structure  
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that  lies  between  these  two  well-­‐‑studied  morphologies  with  respect  to  the  growth  
temperature.  
  
Figure  32:  The  morphology  of  the  resultant  films  varies  dramatically  from  the  
CNT  structure  at  950  °C,  to  g-­‐‑CNTs  at  1000  °C  and  1050  °C,  to  CNSs  at  1100  °C  under  
constant  growth  conditions  (138).  
Recently,  Stoner  and  Glass  (139)  proposed  a  classification  scheme  for  
characterizing  nanostructured  carbon  materials  based  on  density  of  exposed  graphene  
edges,  called  the  Electron  Density  of  Graphene  Edges  (EDGE)  Triangle  (Figure  33)  (139).    
Based  on  studies  by  Randin  and  Yeager  (92,  140,  141)  comparing  the  capacitance  of  
basal-­‐‑  and  edge-­‐‑  exposed  HOPG,  graphene  edges  have  an  approximated  20x  
improvement  in  specific  capacitance  compared  to  planar  graphene.    As  a  result,  the  
specific  capacitance  of  a  sp2-­‐‑bonded  carbon  structure  is  a  function  of  the  relative  
concentration  of  edge  plane  exposure  (92,  142).    As  shown  herein,  varying  temperature  
alone  allows  a  transition  between  aligned  carbon  nanotubes,  graphenated  carbon  
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nanotubes,  and  vertically  oriented  graphene  nanosheets.    Thus,  all  three  corners  of  the  
EDGE  triangle  can  be  traversed  in  a  counter-­‐‑clockwise  direction  by  increasing  
temperature,  which  produces  structural  morphologies  starting  from  the  bottom  edge  (a-­‐‑
CNTs)  to  the  right  side  edge  (g-­‐‑CNTs)  to  the  left  edge  (CNS).    In  summary,  this  
corresponds  to  vertical  arrays  of  1D  structures  (a-­‐‑CNTs)  transitioning  to  3D  structures  
(g-­‐‑CNTs),  and  then  finally  to  2D  structures  (CNSs)  with  increasing  temperature.  
  
Figure  33:  Electron  Density  of  Graphene  Edges  (EDGE)  Triangle,  adapted  from  
(143).    The  arrows  indicate  morphological  changes  that  occur  as  process  temperature  is  
increased,  from  (a)  aligned  CNTs  to  (b)  graphenated  CNTs  to  (c)  nanosheets  (139)  
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4.3.3.2  Temperature  Effects  on  Specific  Capacitance  
A  least  squares  prediction  profile  from  the  DOE  offers  additional  evidence  of  the  
relationship  between  temperature,  morphology,  and  capacitance  (Figure  34  (138)).    The  
dashed  lines  in  this  plot  represent  95%  confidence  intervals,  and  the  solid  line  is  a  least  
squares  curve  generated  from  data  points  obtained  during  the  parametric  study.    It  is  
noteworthy  that  while  temperature  is  the  only  process  parameter  represented  in  this  
plot,  data  from  variations  within  other  process  parameters  are  included  here  as  well.    
For  instance,  capacitance  data  points  at  a  certain  temperature  may  originate  from  films  
grown  at  several  pretreatment  times  or  gas  ratios,  which  were  included  in  the  least  
squares  model.    In  this  way,  capacitance  may  be  analyzed  as  a  function  of  deposition  
temperature  in  the  context  of  the  entire  parametric  study.    The  local  maximum  in  
capacitance  that  is  clear  from  this  plot  exists  in  the  temperature  regime  that  resulted  in  
graphenated  carbon  nanotube  growth  during  this  study  (925-­‐‑1050  °C),  indicating  that  
the  presence  of  graphenic  foliates  improves  the  capacitive  response  of  the  material.  
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Figure  34:  Standard  least  squares  prediction  profile  of  capacitance  (mF/cm2)  as  
a  function  of  deposition  temperature  (°C)  across  all  other  variables  within  the  
parametric  study.    The  local  maximum  exists  in  the  g-­‐‑CNT  morphological  regime  
(138).  
This  effect  of  foliates  on  capacitance  is  further  reinforced  by  correlating  the  
capacitance  to  the  ID/IG  ratio  obtained  from  the  Raman  spectra  of  each  sample.  Figure  35  
shows  the  mean  capacitance  for  five  different  ranges  of  ID/IG  ratios  obtained  from  the  
samples.  It  is  clear  that  the  mean  capacitance  increases  with  increase  in  ID/IG  ratio.  Figure  
35  (inset)  shows  the  plot  of  individual  capacitances  versus  the  respective  ID/IG  ratios.  




Figure  35:  Median  values  of  specific  capacitance  versus  ranges  of  peak  ID/IG  
ratios  of  the  samples  from  the  design  of  experiment  study.  Inset:  Scatter  plot  of  
specific  capacitance  versus  peak  ID/IG  ratio.  
It  should  be  noted  that  five  data  points  from  the  study  have  been  excluded  from  
Figure  35.  Four  of  the  samples  had  no  regular  carbon  film  deposition  but  instead  only  
had  catalyst  nanoparticles  and  sparse  and  irregular  carbon  structures.  The  fifth  data  
point  was  excluded  based  on  the  Grubb’s  test  for  outliers  with  95%  confidence.      
From  the  Raman  spectra  of  all  the  samples,  D  peak  to  G  peak  ratios  were  
obtained  for  each  sample.  The  Tuinstra  and  Koenig  (TK)  relation  states  that  the  cluster  
diameter  or  crystallite  size  is  inversely  proportional  to  ID/IG  ratio  (144).  Using  the  TK  
relation,  crystallite  sizes  for  each  sample  were  calculated  from  ID/IG  ratio  and  laser  
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wavelength  (145).  The  crystallite  sizes  were  plotted  against  the  measured  specific  
capacitance.  As  seen  in  Figure  36,  there  is  a  linear  inverse  relationship  between  specific  
capacitance  and  crystallite  size.  This  is  in  accordance  with  the  observations  from  
previous  section  of  this  chapter  about  g-­‐‑CNT  foliate  density  and  capacitance.  A  smaller  
crystallite  size  means  that  the  density  of  grain  boundaries  is  higher.  Since  defects  exist  at  
grain  boundaries,  a  smaller  crystallite  size  means  higher  defect  density.    In  g-­‐‑CNTs,  
foliates  are  formed  preferentially  in  locations  where  sidewall  defects  exist  (103).  Thus  
specific  capacitance  is  inversely  proportional  to  crystallite  size  and  hence  directly  
proportional  to  defect/edge  density.  
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Figure  36:  Plot  of  specific  capacitance  versus  crystallite  size.  
4.3.4 Summary 
The  growth  temperature  of  an  MPECVD  process  was  used  to  control  the  
dimensionality  and  morphology  (especially  graphene  edge  density)  of  carbon  
nanostructures.  Based  on  statistical  trends  in  this  study,  a  parametric  temperature  series  
revealed  that  deposition  temperature  is  the  key  factor  in  controlling  nanostructure  
morphology,  and  g-­‐‑CNTs  emerged  as  a  temperature-­‐‑based  transitional  morphology  
between  CNT  and  CNS  structures.    As  predicted  (143),  the  edge  density  had  a  significant  
effect  on  specific  capacitance  with  the  nanostructure  containing  greatest  graphene  edge  
density,  g-­‐‑CNTs,  exhibiting  the  highest  specific  capacitance.  That  specific  capacitance  is  
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proportional  to  edge  density  was  also  observed  by  comparing  specific  capacitance  to  
crystallite  sizes  calculated  from  the  Raman  spectra.    
4.4 Conclusion 
g-­‐‑CNTs  with  their  edges  and  high  surface  area  make  for  a  promising  material  for  
energy  storage,  neural  stimulation  and  other  electrode  applications.  Capacitance  was  
higher  for  g-­‐‑CNTs  with  higher  foliate  density.  This  is  in  agreement  with  literature  which  
states  that  the  edges  carbon  nanostructures  have  ~20X  higher  capacitance  than  basal  
plane  (92).  Moreover  g-­‐‑CNTs  exhibit  higher  capacitance  compared  to  regular  CNTs,  
CNS  and  other  structures  synthesized  as  a  part  of  the  design  of  experiment  study.  
Finally,  it  was  also  observed  that  specific  capacitance  has  a  linear  inverse  relation  with  
crystallite  size.  Crystallite  size  is  directly  proportional  to  defects  owing  to  grain  
boundaries.  Thus  a  higher  defect  density,  lead  to  higher  specific  capacitance  for  carbon  
nanostructures  synthesized  in  the  MPECVD  system.    
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5. Electrochemical disinfection of human urine for 
water-free and additive-free toilets using boron-doped 
diamond electrodes 
Previous  chapters  have  examined  the  electrochemical  behavior  of  sp2  bonded  
forms  of  carbon,  including  carbon  nanotubes  and  graphene.    The  effect  of  carbon  edges  
were  evaluated  which  are  known  to  be  reactive  and  exhibit  high  capacitance.    In  this  
chapter,  another  prevalent  form  of  carbon,  diamond,  is  examined  due  to  its  three  
dimensional  sp3  bonded  network  of  carbon  with  no  edge  planes.    This  structure  enables  
what  is  termed  a  “wide  electrochemical  window”  for  electrochemical  reactions  in  
acqueous  environments.    That  is,  water  electrolysis  occurs  at  high  overpotentials.    This  
enables  applications  that  benefit  from  electrochemical  reactions  that  may  not  occur  on  
other  electrodes  because  water  is  reduced  or  oxidized  before  the  potential  can  support  
such  reactions.    In  addition,  the  diamond  is  stable  in  extreme  environments  compared  to  
CNTs  and  graphene;  again  due  to  the  lack  of  reactive  edges.  Thus,  this  chapter  focuses  
on  the  use  of  BDD  as  anodes  for  electrochemical  generation  of  mixed  oxidants  for  
disinfection  of  bacteria  and  its  demonstration  in  synthetic  human  urine  with  suspended  
fecal  particles.  The  BDD  anodes  are  used  in  a  liquid  disinfection  module  of  a  new  toilet  
being  designed  for  the  less  developed  parts  of  the  world  where  disease  due  to  lack  of  
sanitation  is  a  problem.  Techniques  to  minimize  energy  consumption  in  the  
electrochemical  process  are  also  discussed.    
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5.1 Introduction 
According  to  a  World  Health  Organization  report  (1),  2.6  billion  people  on  the  
planet  do  not  have  access  to  adequate  sanitation.  In  the  less  developed  world  where  the  
problem  is  more  acute,  1.5  million  people  (mostly  children  under  the  age  of  5)  die  every  
year  due  to  diarrhea  resulting  from  inadequate  sanitation.  Improved  sanitation  can  
reduce  diarrhea  morbidity  by  32%  on  average.  As  a  part  of  the  larger  project,  the  overall  
scope  of  which  is  beyond  that  of  this  dissertation,  an  energy-­‐‑neutral,  additive-­‐‑free,  water  
free  outdoor  toilet  is  being  developed  for  use  in  the  developing  world.  This  toilet  can  
treat  human  liquid  and  solid  waste  at  point-­‐‑of-­‐‑source.  As  seen  in  Figure  37(b)  the  toilet  
waste  treatment  unit  includes  an  auger-­‐‑based  solid  liquid  separation  system  underneath  
the  squat  plate,  separates  the  liquid  waste  from  the  solid  waste.  The  solid  waste  is  dried  
and  combusted  whereas  the  liquid  waste  is  disinfected  electrochemically  by  using  
boron-­‐‑doped  diamond  electrodes.  Part  of  the  heat  from  the  combustion  process  of  the  
solid  waste  is  captured  and  converted  to  electricity.    The  electrochemically  disinfected  
wastewater  can  be  used  as  rinse  water  for  the  toilet  or  as  fertilizer  supplement.  The  
entire  waste  treatment  unit  shown  in  Figure  37(b)  (146)  fits  inside  the  toilet  housing  
shown  in  Figure  37(a)  (146).  
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Figure  37:  Schematic  of  the  proposed  toilet  (a)  fully  assembled  toilet  (b)  
schematic  of  waste  treatment  unit  that  goes  inside  the  toilet  housing  in  (a)  (146)  
Addressing  the  critical  sanitation  needs  of  communities  in  less  developed  nations  
requires  disinfection  techniques  for  human  waste  that  do  not  require  added  water,  
chemical  reagents,  or  energy  in  excess  of  that  which  can  be  easily  produced  by  the  waste  
itself  or  local  energy  sources  such  as  solar  panels.  Electrochemical  disinfection  of  liquid  
waste  refers  to  the  elimination  of  microorganisms  present  in  the  liquid  by  using  suitable  
electrodes  to  initiate  pathogen-­‐‑killing  electrochemical  processes  in  the  influent  waste  
stream.  The  electrochemical  disinfection  method  reported  here  produces  hypochlorous  
acid/hypochlorite  as  a  parallel  reaction  to  oxygen  evolution  at  the  anode.  These  chlorine  
containing  species  (CCS)  are  derived  from  chloride  ions  present  in  urine.  The  generation  
of  other  reactive  oxygen  species  (ROS)  such  as  ozone,  hydrogen  peroxide  and  hydroxyl  
radicals  is  also  expected.  These  ROS  and  CCS  are  responsible  for  bacterial  inactivation.  
Electrochemical  techniques  have  been  reported  in  the  past  for  inactivation  of  pathogens  
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(147-­‐‑151).  Electrochemical  disinfection  has  also  been  shown  to  be  more  effective  at  
bacterial  inactivation  than  purely  chemical  chlorination  or  ozonation  (152),  despite  the  
fact  that  similar  species  are  believed  to  be  key  ingredients  of  the  electrochemical  
disinfection.  
A  good  anode  for  electrochemical  disinfection  should  possess  a  large  oxygen  
evolution  overpotential  so  that  most  of  the  applied  current  is  utilized  for  generation  of  
disinfecting  oxidants  rather  than  oxygen.  This  improves  the  energy  efficiency  of  the  
electrode  as  charge  is  not  wasted  in  evolution  of  non-­‐‑disinfecting  species.  In  addition,  
the  electrode  must  be  chemically  stable  in  the  electrolyte  of  interest.  BDD  possesses  both  
of  these  attributes  in  aqueous  electrolytes  and  thus  is  a  suitable  electrode  for  wastewater  
disinfection  (153,  154).  For  BDD  electrodes,  hydrogen  evolution  occurs  at  -­‐‑1.25  V  versus  
a  standard  hydrogen  electrode  (SHE)  and  oxygen  evolution  occurs  at  +  2.3V  versus  SHE  
(36).  A  higher  overpotential  means  that  applied  charge  is  not  subverted  to  the  oxygen  
evolution  reaction  but  is  used  to  generate  disinfecting  oxidants.  BDD  electrodes  have  
been  utilized  previously  for  removal  of  phenols  (46),  biofilms  (155),  nitrogen-­‐‑
heterocyclic  compounds  (156),  etc.  Previous  reports  about  BDD  electrodes  have  covered  
disinfection  of  wastewater,  ballast  water,  river  water,  etc.  (157-­‐‑159).  
BDD  surface  like  the  one  used  in  this  study,  is  largely  hydrogen  terminated.  
There  is  absence  of  electroactive  carbon-­‐‑oxygen  functional  groups.  The  density  of  
electronic  states  near  the  Fermi  level  in  BDD  is  lower  than  metals  due  to  the  semi-­‐‑metal-­‐‑
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semiconductor  nature  of  BDD  (38).  A  lower  surface  charge  carrier  density  causes  lesser  
accumulation  of  counter-­‐‑balancing  ions  causing  a  reduction  in  background  current  and  
capacitance  and  there  is  little  surface  adsorption  on  BDD  surface  (160).  All  of  this  
contributes  to  very  little  fouling  on  the  surface.  Also,  BDD  electrodes  can  be  reverse  
polarized  to  remedy  fouling.  This  is  not  possible  in  other  electrodes  such  as  DSA  
without  causing  degradation  of  the  electrode.  
Various  oxidants  such  as  chlorine,  ozone,  and  hydroxyl  radicals  are  generated  at  
voltages  less  than  3  V  (161)  on  BDD  in  NaCl  solution.    However,  reports  differ  on  the  
ability  of  diamond  to  generate  these  oxidants  when  compared  to  other  electrodes  such  
as  dimensionally  stable  anodes  (DSAs)  or  mixed-­‐‑metal  oxide  electrodes.  It  has  been  
suggested  that  diamond  electrodes  are  not  efficient  in  chlorine  generation  as  compared  
to  DSAs  and,  owing  to  their  high  overpotential  for  oxygen  and  chlorine  evolution,  may  
generate  chlorate  and  perchlorate  (162).    Wu  et  al.  (163)  reported  that  BDD  electrodes  
were  more  efficient  than  DSA  electrodes  in  treating  chloride-­‐‑free  dye  wastewater  but  the  
dye  oxidation  rate  was  higher  with  DSA  than  BDD  at  treating  chloride-­‐‑containing  
wastewater.  However,  BDD  electrodes  were  shown  to  be  more  efficient  than  Ti/RuO2  
and  Pt  electrodes  in  OH-­‐‑  radical  production  (164).  It  has  been  reported  that  bacterial  
inactivation  at  BDD  anodes  may  be  due  to  simultaneous  presence  of  different  oxidants  
such  as  hydroxyl  and  peroxide  radicals  rather  than  only  chlorine  species  (149).  Polcaro  
et  al.  (165)  suggested  that  the  contribution  of  various  oxidants  towards  removal  of  
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pollutants  depends  upon  the  initial  chloride  concentration  and  that  at  high  initial  
chloride  concentration;  chlorine  species  are  the  primary  oxidants.  In  the  present  study,  
higher  rates  of  disinfection  at  higher  applied  voltages  corresponded  with  higher  rates  of  
generation  of  total  chlorine.  It  is  likely  that  disinfection  of  wastewater  at  BDD  electrodes  
is  due  to  a  combination  of  chlorine  species  and  other  oxidants  such  as  OH-­‐‑  radicals  and  
ozone.      However,  the  contribution  of  chlorine  species  towards  disinfection  seemed  to  be  
higher  than  other  oxidants  due  to  the  presence  of  higher  concentration  of  chloride  ions  
in  urine.  
5.2 Disinfection of synthetic human urine and synthetic fecal 
matter using boron-doped diamond electrodes  
Herein,  we  report  on  the  disinfection  of  synthetic  human  urine  and  feces  using  
an  electrochemical  cell  comprised  of  a  boron-­‐‑doped  diamond  anode  and  tungsten  
cathode  at  different  applied  voltages  and  hence  different  current  densities.  Total  
chlorine  was  measured  and  used  as  an  indicator  of  electrochemically  generated  
oxidants.  The  effect  of  suspended  synthetic  feces  (1%  and  2%  w/v)  in  synthetic  urine  on  
the  disinfection  process  was  also  studied.  Finally  the  energy  and  time  required  for  
disinfection  for  different  voltages  was  calculated.  To  our  knowledge,  no  previous  
literature  reports  have  focused  on  developing  a  liquid  disinfection  system  that  can  treat  
undiluted  human  urine  at  point  of  source,  operate  without  flush  water  or  added  





Boron  doped  ultrananocrystalline  diamond  (UNCD)  (166)  electrodes  were  
supplied  by  Advanced  Diamond  Technologies  (Romeoville,  IL)  were  used  for  this  study.  
The  anode  was  a  niobium  substrate  with  a  2  µμm  thick  boron  doped  ultrananocrystalline  
diamond  film.  The  film  resistivity  was  <0.1  ohm-­‐‑cm.  The  cathode  was  a  tungsten  plate.  .  
The  electrode  area  of  each  electrode  was  42  cm2.  A  2  mm  spacer  separated  the  two  
electrodes.  As  shown  in  Figure  38,  the  liquid  being  treated  entered  the  undivided  gap  
between  the  two  electrodes  from  flow  openings  at  the  bottom  of  the  BDD  anode.  
Because  of  the  flow  pressure,  it  rose  through  the  gap  and  exited  through  flow  openings  
at  the  top  of  the  tungsten  cathode.  The  liquid  underwent  electrochemical  oxidation  
during  its  dwell  time  in  the  inter-­‐‑electrode  gap.  
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Figure  38:  Schematic  of  disassembled  electrochemical  cell  (Inset:  Picture  of  the  
assembled  cell)  
5.2.1.2  Electrolytes  
For  initial  tests  in  this  study,  2  L  0.9%  w/v  NaCl  solution  was  used  as  the  
electrolyte  spiked  with  1  mL/L  of  FD&C  Green  No.  3  dye  (ethyl-­‐‑[4  -­‐‑[[4-­‐‑  [ethyl-­‐‑[(3-­‐‑
sulfophenyl)  methyl]  amino]  phenyl]-­‐‑(4-­‐‑hydroxy-­‐‑2-­‐‑sulfophenyl)  methylidene]  -­‐‑1-­‐‑
cyclohexa-­‐‑2,5-­‐‑dienylidene]-­‐‑[(3-­‐‑sulfophenyl)  methyl]  azanium  dye)  as  model  
contaminant.  The  discoloration  of  the  dye  was  used  as  an  indirect  measure  of  the  
amount  of  oxidants  generated.  
5.2.1.3  Synthetic  Excreta  
For  studying  inactivation  of  bacteria  in  human  waste,  synthetic  urine  and  feces  
were  used  as  simulants.  The  recipe  (Table  6  (167))  for  synthetic  urine  was  adopted  from  
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those  suggested  in  prior  literature  (168,  169).  This  synthetic  urine  electrochemically  
mimics  real  human  urine  (refer  Appendix  B).  Synthetic  urine  prepared  this  way  was  
sterilized  in  an  autoclave  at  121  °C  and  15  psi  for  20  minutes.  After  cooling  to  room  
temperature,  this  sterile  urine  was  spiked  with  a  suspension  of  E.  Coli.  Synthetic  fecal  
matter  was  used  to  study  the  effect  of  suspended  organic  solid  particles  on  the  
disinfection  process.  It  was  prepared  using  the  recipe  given  in    
Table  7  (167)  and  kept  refrigerated  until  used.  Synthetic  fecal  matter  was  added  
to  the  E.  Coli  spiked  urine  to  determine  its  effects  on  the  disinfection  process.  1%  w/v  
and  2%  w/v  mixtures  of  fecal  matter  in  spiked  urine  were  prepared.  
Table  6:  Constituents  in  Synthetic  Urine  (167)  
Chemical   Quantity  (per  L  of  deionized  water)  
Sodium  sulfate   2.34  g  
Potassium  chloride   3.88  g  
Ammonium  hydroxide  (28-­‐‑30%)   1.33  mL  
Magensium  sulfate  (heptahydrate)   0.49  g  
Phosphoric  acid  (85%  aqueous  solution)   0.25  mL  
Sodium  hydroxide   0.14  g  
Sodium  chloride   9.93  g  
Trisodium  citrate  (dehydrate)   0.47  g  
Urea   30.3  g  
Creatinine   1.47  g  
Hippuric  acid   0.54  g  
Uric  acid   0.5  g  
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Table  7  Constituents  in  synthetic  fecal  matter  (500  g)  (167)  
Substance   Weight  (g)  
Dried  yeast   30  
Microcrystalline  cellulose   10  
Psyllium  husk  powder   17.5  
Oleic  acid   20  
Miso  paste   17.5  
Potassium  chloride   2  
Sodium  chloride   2  
  
5.2.1.4  Indicator  Organism  
The  indicator  organism  used  in  this  study  was  Escherichia  coli  K12  (ATCC  
#10798).  It  was  grown  in  a  broth  containing  10  g/L,  tryptone,  5  g/L  yeast  and  10  g/L  NaCl  
to  deionized  water.  The  broth  was  then  sterilized  at  15  psi  and  122  °C  for  15  minutes.  
After  cooling  to  room  temperature,  the  E.  Coli  broth  was  inoculated  from  a  stock  culture  
using  aseptic  techniques.  The  culture  was  incubated  at  37  °C  for  24  hours.  After  
incubation,  the  200  mL  of  broth  mixed  with  1.8  L  of  sterile  synthetic  urine  yielding  2  L  
total  urine.  
5.2.1.5  Experimental  Setup  
The  electrochemical  cell  (Advanced  Diamond  Technology’s  Diamonox  40  
system)  was  incorporated  into  a  lab  scale  setup  consisting  of  an  8  L  storage  tank,  drain  
valve,  strainer,  and  AC  pump.  A  photograph  of  this  assembly  is  shown  in  Figure  39  
(167).  The  liquid  being  treated  is  initially  held  in  the  storage  tank.  During  disinfection  
experiments,  both  electrochemical  cell  and  pump  are  turned  on.  The  liquid  is  pumped  
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from  the  storage  tank  through  the  electrochemical  cell  and  returned  to  the  storage  tank,  
thus  forming  a  closed  loop.  The  filter  cartridge  in  the  loop  was  circumvented  to  study  
the  effects  of  fecal  matter  on  disinfection.  A  Sorensen  XHR  33-­‐‑33  (0-­‐‑33  V,  0-­‐‑33  A)  power  
supply  was  used  to  power  the  electrodes  at  selected  voltages  ranging  from  4  to  12  VDC  
depending  on  the  experiment.  The  temperature  of  the  NaCl  solution  or  synthetic  urine  
at  the  start  of  the  tests  was  23.5  °C.  The  temperature  of  the  liquid  increased  by  
approximately  10  °C  during  the  experiments,  mostly  for  experiments  conducted  at  10  
and  12  V.  At  no  point  did  the  final  temperature  of  the  liquid  in  the  electrochemical  cell  
exceed  37  °C.  
5.2.2 Electrochemical Disinfection Procedure 
5.2.2.1  Cell  and  pump  operation  with  saline  and  dye  
For  experiments  with  the  organic  dye  in  a  NaCl  solution,  the  saline  mixed  with  
the  dye  was  introduced  in  the  storage  tank.  Thereafter  the  pump  was  turned  on  and  
samples  were  drawn  and  regular  intervals.  This  experiment  was  conducted  for  two  
different  electrode  voltages:    4  V,  and  12  V.  Electrochemical  treatment  causes  the  
discoloration  of  organic  dye.  The  discoloration  was  used  as  a  qualitative  visual  indicator  
to  detect  presence  of  CCS  and  ROS.  
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Figure  39:  Disinfection  system  setup  (167)  
5.2.2.2  Cell  and  pump  operation  with  synthetic  urine  and  E.  Coli  
At  the  initiation  of  the  experiment,  the  E.  Coli  spiked  urine  was  introduced  into  
the  storage  tank.  Thereafter,  the  pump  was  turned  on  and  the  urine  was  allowed  to  flow  
through  the  loop  to  enable  complete  mixing.  The  first  sample  was  drawn  from  the  
storage  tank  using  a  sterile  pipette  prior  to  applying  a  voltage  to  the  electrodes.  The  
voltage  to  the  electrodes  was  then  turned  on  to  and  samples  were  drawn  in  a  similar  
manner  using  a  new  sterile  pipette  at  each  specified  time  during  the  course  of  the  
experiment.  The  current  values  were  obtained  from  the  integrated  ammeter  of  the  DC  
power  supply  that  powered  the  electrodes.  A  reading  was  taken  with  each  sample.  The  
reported  current  is  the  average  of  these  currents  normalized  by  electrode  area.  The  first  
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set  of  experiments  utilized  only  synthetic  urine  and  E.  Coli  and  were  conducted  at  four  
different  electrode  voltages:  6  V,  8  V,  10  V  and  12  V.  The  next  set  of  experiments  utilized  
synthetic  urine  with  E.  Coli  and  synthetic  fecal  matter  (1%  w/v  and  2  %  w/v)  and  were  
conducted  at  6  V.  
5.2.2.3  Sample  Plating  
The  samples  drawn  during  the  experiment  were  diluted  serially  in  sterile  8  g/L  
NaCl  solution  in  a  1:10  ratio.  For  each  dilution,  100  µμL  were  plated  onto  a  100  x  15  mm  
Petri  dishes  prepared  with  RAPID'ʹE.  coli  2  (Bio-­‐‑Rad  Inc.)  which  is  a  chromogenic  
medium  for  enumeration  and  differentiation  of  generic  E.  coli.  The  serial  dilution  and  
plating  of  three  samples  from  each  experiment  was  repeated  to  confirm  the  CFU  count.  
The  plates  were  incubated  at  37  °C  for  24  hours  after  which  the  colony  forming  units  
(CFUs)  on  each  plate  were  counted  and  reported  as  CFU/100  mL.  
5.2.2.4  Total  chlorine  measurement  
Total  chlorine  was  measured  using  DR890  colorimeter  (Hach)  and  the  N,N-­‐‑
diethyl-­‐‑p-­‐‑phenyldiamine  (DPD)  method  (Hach  test  #8167).  Volume  of  each  sample  was  
10  mL.  The  test  is  approved  by  the  United  States  Environmental  Protection  Agency  and  
detects  presence  of  free  chlorine  (hypochlorous  acid/hypochlorite  ion)  and  combined  
chlorine  (monochloramine  and  dichloramine)  (170).  
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5.2.3 Results and Discussion 
5.2.3.1  Saline  solution  with  organic  dye  
Photographs  of  aliquot  samples  versus  treatment  time  for  the  experiment  with  
Green  No.  3  dye  and  two  different  electrode  voltages  are  shown  in  Figure  40  (167).  For  
each  voltage,  there  was  a  reduction  in  color  intensity  over  treatment  time.  The  
electrochemically-­‐‑generated  oxidants  caused  chemical  breakdown  of  the  dye,  leading  to  
this  discoloration.  The  lowest  voltage  applied  in  this  series  of  experiments  was  4  V,  
which  was  higher  than  the  formation  potential  of  chlorine,  ozone,  chlorine  dioxide  and  
hydroxyl  radical  at  BDD  electrodes  (44).  This  means  that  most  of  the  disinfecting  
oxidants  are  generated  even  at  the  lowest  tested  electrode  potential.  The  electrode  
current  monotonically  increased  over  the  course  of  the  experiment.  A  typical  range  over  
the  course  of  the  experiment  was  3.4  A  to  3.7  A  for  the  experiment  at  6  V.  This  indicates  
removal  of  non-­‐‑conductive  organic  content  and  most  likely  caused  the  discoloration  of  
the  dye.  Thus  faster  discoloration  at  12  V  as  compared  to  4  V  suggests  that  the  overall  
rate  of  oxidants  generation  is  higher  at  higher  voltages.    Further  experimentation  will  be  
required  to  determine  if  at  higher  voltages  the  kinetics  of  the  oxidation  reactions  were  
faster  and/or  if  new  oxidants  were  being  generated.  
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Figure  40:  Reduction  in  color  concentration  versus  treatment  time  for  saline  
with  organic  dye  for  4  V  and  12  V  electrode  voltage  (167)  
5.2.3.2  Synthetic  urine  spiked  with  E.  Coli  
Figure  41  (167)  shows  a  plot  of  viable  E.  Coli  cell  counts  versus  treatment  time  for  
different  electrode  voltages.  In  all  cases,  there  was  a  reduction  in  E.  Coli  viable  cell  
concentration  over  time,  reaching  values  lower  than  the  1000  CFU/100  mL  threshold  
recommended  by  the  World  Health  Organization  for  treated  feces  and  fecal  sludge  (171).  
Since  the  sample  volume  for  each  plate  was  100  µμL,  the  detection  limit  is  1000  CFU/100  
mL,  which  is  the  same  as  the  disinfection  threshold.  Hence  a  non-­‐‑detect  sample  was  
treated  as  disinfected.  
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Figure  41:  Log-­‐‑linear  plot  of  E.  Coli  CFU  /  100  mL  versus  treatment  time  for  
different  electrode  voltages.  The  dotted  line  labeled  “non-­‐‑detect”  joins  points  with  no  
CFUs.  They  have  been  assigned  a  value  of  1  on  the  log  scale  and  are  not  included  in  
the  line  fitting  (167).  
A  logarithmic  function  relates  the  reduction  in  viable  E.  Coli  to  oxidant  
concentration,  treatment  time  and  a  rate  constant  for  inactivation  as  proposed  in  the  
Chick-­‐‑Watson  formula  (172):  
                        -­‐‑  9  
                           
where,  
N  =  number  of  microorganisms  at  contact  time  t  
log NN0
= −k ×Cn × t
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N0  =  number  of  initial  microorganism  at  contact  time,  t  =  0  
k  =  constant  for  a  specific  microorganism  and  set  of  conditions  
C  =  disinfectant  concentration  
N  =  co-­‐‑efficient  of  dilution  
The  linear  relationship  between  log  of  bacterial  concentration  and  treatment  time  
is  apparent  in  the  plot  of  log  of  E.  Coli  viable  count  vs.  treatment  time  in  Figure  41  (167).  
The  time  required  for  CFU  concentration  to  drop  below  103  CFU/100  mL  (detectable  
limit),  termed  the  time  for  disinfection,  decreases  with  increasing  voltage.  Higher  
voltages  and  consequently  higher  currents  favor  faster  oxidation  kinetics  since  the  ROS  
and  CCS  are  generated  at  a  faster  rate.  The  higher  rate  and  thus  concentrations  of  the  
oxidants  is  most  likely  the  cause  of  faster  bacterial  inactivation  at  higher  voltages  but  we  
cannot  rule  out  that  the  ratio  of  oxidant  concentrations  could  change  at  the  higher  
voltages.  This  correlation  between  higher  inactivation  rate  and  higher  oxidant  
generation  rate  at  higher  electrode  voltages  has  been  reported  previously  for  tests  in  
model  electrolytes  (161).    
Figure  42  (167)  shows  a  plot  of  total  chlorine  concentration  versus  treatment  time  
for  different  electrode  voltages.  The  rate  of  generation  of  chlorine  was  higher  at  higher  
voltages.  This  correlates  with  the  higher  rate  of  E.  Coli  inactivation  at  higher  voltages  as  
shown  in  Figure  41  (167).  This  indicates  that  the  electrochemically-­‐‑generated  chlorine-­‐‑
species  and  the  ROS  reduce  E.  Coli  levels.  The  free  chlorine  that  is  generated  reacts  with  
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the  available  free  ammonia  in  the  liquid  to  form  chloramines  –  monochloramine  
(NH2Cl),  dichloramine  (NHCl2)  and  trichloramine  (NCl3).  Their  relative  quantities  are  a  
function  of  the  chlorine  to  ammonia  (Cl2:N)  weight  ratio  and  solution  pH.  When  certain  
Cl2:N  (~7:1)  ratio  is  reached,  the  demand  for  chlorine  is  quenched  and  any  excess  
chlorine  will  exist  as  free  chlorine  (170).  The  pH  range  for  synthetic  urine  tested  in  this  
study  was  7  to  8.  As  a  part  of  some  previous  critical  experiments,  it  was  observed  that  
free  ammonia  was  generated  in  the  synthetic  urine  during  disinfection  due  to  oxidation  
of  urea  and  uric  acid  present  in  the  urine  (refer  Appendices  C  and  D).  This  seemed  to  
keep  the  Cl2:N  ratio  low.  It  also  indicates  that  most  of  the  chlorine  in  the  treated  
synthetic  urine  exists  mainly  as  combined  chlorine  in  the  form  of  monochloramine  and  
dichloramine.  Monochloramine  and  dichloramine  are  also  disinfectants  and  are  more  
stable  than  hypochloruous  acid,  which  is  a  weak  acid  (pKa  =  7.6).  Thus  monochloramine  
and  dichloramine  seem  to  be  the  main  chlorine-­‐‑related  disinfectants  responsible  for  
bacterial  inactivation  in  the  present  study.  It  has  been  reported  that  OH-­‐‑  radicals  are  also  
responsible  for  bactericidal  action  (173).  Since  the  concentrations  of  OH-­‐‑,  H2O2  and  other  
oxidants  were  not  measured,  their  effect  on  the  disinfection  rate  and  efficiency  could  not  
be  evaluated.  The  role  of  such  oxidants  needs  to  be  investigated  further.
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Figure  42:  Plot  of  total  chlorine  concentration  versus  treatment  time  for  
different  electrode  voltages.  Numbers  next  to  each  curve  are  current  densities  
measured  at  each  voltage  (167).  
5.2.3.3  Synthetic  urine  and  synthetic  fecal  matter  spiked  with  E.  Coli  
Synthetic  urine  mixed  with  simulant  fecal  matter  and  E.  Coli  was  also  tested  to  
determine  the  effect  of  added  organic  matter  and  suspended  solids  on  the  process.  The  
results  are  reported  in  Figure  43  (167).  The  disinfection  time  in  the  presence  of  fecal  
matter  simulant  was  similar  to  the  disinfection  time  without  fecal  contamination  (25-­‐‑30  
minutes).  After  the  completion  of  these  experiments,  the  BDD  and  tungsten  electrodes  
were  carefully  examined  under  an  optical  microscope  to  determine  if  any  scaling  or  
fouling  was  present.  Both  electrodes  surfaces  were  found  to  be  free  of  fouling.  This  
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indicated  that  fecal  matter  contamination  of  up  to  2%  w/v  did  not  have  a  significant  
short-­‐‑term  impact  on  the  disinfection  time  or  the  surface  quality  of  the  electrodes.  
5.2.3.4  Energy  data  for  E.  Coli  disinfection  in  synthetic  urine  
The  specific  energy  required  for  disinfection  is  defined  below  (174):  
                                              -­‐‑  10  
where:  
E  =  energy  required  for  disinfection  in  Wh/L  
V  =  electrode  voltage  in  volts  
I  =  electrode  current  in  amperes  
t  =  time  required  for  disinfection  in  hours  
L  =  treated  volume  in  liters  
E = V × I × tL
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Figure  43:  Plot  of  E.  Coli  in  CFU  /  100  mL  versus  treatment  time  for  0%,  1%  and  
2%  v/w  synthetic  fecal  matter  and  synthetic  urine  with  E.  Coli  at  6  V  electrode  voltage  
(167)  
Figure  44  (167)  shows  a  plot  of  disinfection  energy  and  disinfection  time  as  a  
function  of  the  electrode  voltage.  The  disinfection  time  decreased  whereas  the  
disinfection  energy  increased  non-­‐‑linearly  with  increasing  electrode  voltage.  This  
suggests  that  the  selection  of  electrode  voltage  is  a  trade-­‐‑off  between  disinfection  time  
and  disinfection  energy.  The  non-­‐‑linearity  of  the  plots  in  Figure  44  (167)  could  mean  that  
potentially  faster  kinetics  of  side  reactions  involving  non-­‐‑disinfectants  such  as  evolution  
of  oxygen  maybe  making  the  disinfection  process  less  efficient  especially  at  higher  
voltages.  The  actual  time  required  for  urine  disinfection  during  service  will  depend  on  
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the  volume  of  urine  to  be  disinfected,  which  is  a  function  of  the  number  of  expected  
users.  
  
Figure  44:  Plot  of  energy  required  for  disinfection  per  liter  of  synthetic  urine  
on  Y1  axis  and  disinfection  time  per  liter  for  disinfection  of  synthetic  urine  on  Y2  axis  
versus  electrode  voltage  (167)  
5.2.4 Summary 
Synthetic  urine  spiked  with  E.  Coli  was  disinfected  by  means  of  
electrochemically-­‐‑generated  ROS  and  CCS  at  a  BDD  anode.  This  process  exhibited  an  
inverse  relationship  between  electrode  voltage  and  time  taken  for  disinfection.  Data  
indicated  a  linear  relationship  between  the  log  of  E.  Coli  in  CFU  /  100  mL  versus  
treatment  time.  The  rate  of  electrochemical  generation  of  total  chlorine  was  found  to  be  
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higher  at  higher  voltages.  This  indicated  that  total  chlorine,  along  with  other  oxidants,  
contributed  to  the  inactivation  of  E.  Coli.  The  energy  required  for  disinfection  per  liter  of  
urine  increased  non-­‐‑linearly  with  increasing  voltage  whereas  the  time  required  for  
disinfection  per  liter  decreased  exponentially  with  increasing  electrode  voltage.  
Addition  of  synthetic  fecal  matter  (1%  and  2%  w/v)  did  not  significantly  affect  the  time  
for  disinfection.  Future  work  will  involve  investigation  of  the  identification  of  oxidants  
other  than  chlorine  species,  their  rate  of  generation  and  evaluation  of  appropriate  
electrode  voltage  in  order  to  optimize  energy  consumption  and  disinfection  time.  
5.3 Minimization of Energy in Electrochemical Disinfection 
Process 
As  seen  in  Figure  44  (167),  the  energy  required  for  disinfection  is  higher  at  higher  
electrode  voltage  but  the  time  required  for  disinfection  is  also  lower.  For  disinfection  of  
larger  volumes  of  liquid,  the  electrode  voltage  should  be  chosen  such  that  the  time  
required  for  disinfection  and  the  energy  consumed  meets  the  constraints  for  the  
application  of  interest.  The  toilet  design  requires  all  the  energy  to  be  derived  from  solar  
and  thermoelectric  power.  This  section  discusses  an  operation  scheme  that  minimizes  
energy  consumption  while  still  keeping  the  disinfection  time  compatible  for  use  by  a  
family  of  5  people  per  day  as  required  by  the  toilet  design  requirement.  
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5.3.1 Experimental Setup and Procedure 
5.3.1.1  Synthetic  Excreta  and  Indicator  Organism  
The  recipe  and  quantity  of  synthetic  urine  and  E.  Coli  broth  used  were  the  same  
as  that  in  section  5.2.1.3.  The  indicator  organism  is  E.  Coli  and  is  the  same  as  the  one  
described  in  section  5.2.1.4.    
5.3.1.2  Experimental  Setup  
The  experimental  setup  is  same  as  that  described  in  section  5.2.1.5.  
5.3.1.3  Testing  Procedure  
At  the  initiation  of  the  experiment,  the  E.  Coli  spiked  synthetic  urine  was  
introduced  into  the  storage  tank.  Thereafter,  the  pump  was  turned  on  and  the  urine  was  
allowed  to  flow  through  the  loop  to  enable  complete  mixing.  The  first  sample  was  
drawn  from  the  storage  tank  using  a  sterile  pipette  prior  to  applying  a  voltage  to  the  
electrodes.  The  voltage  to  the  electrodes  was  then  turned  on  to  and  samples  were  drawn  
in  a  similar  manner  using  a  new  sterile  pipette  at  each  specified  time  during  the  course  
of  the  experiment.  The  electrode  voltage  and  current  were  noted  from  the  power  supply  
display  each  time  a  sample  was  drawn.  In  section  5.2.3.2,  it  was  shown  that  in  the  same  
setup,  disinfection  of  synthetic  urine  was  achieved  for  a  given  electrode  voltage  and  the  
corresponding  energy  consumption  was  also  calculated.  In  that  study  the  electrode  
voltage  was  kept  ON  until  complete  disinfection  was  achieved.  This  mode  of  operation  
is  called  continuously  ON  mode.  In  the  present  study,  two  more  modes  of  operation  
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were  investigated.  In  the  short-­‐‑time  mode,  voltage  was  applied  to  the  electrode  for  a  
smaller  duration  of  time  than  that  in  the  continuous  ON  mode  for  a  given  voltage.  In  the  
pulsed  mode,  the  same  voltage  was  applied  in  forms  of  pulses  with  varying  duty  cycle.  
In  the  pulsed  mode,  the  total  ON  time  (ON  time  for  each  pulse  +  total  number  of  pulses)  
was  equal  to  the  total  ON  time  in  the  short-­‐‑time  mode.  The  three  different  modes  of  
operation  are  illustrated  in  Figure  45  
  
Figure  45:  Different  modes  of  applying  electrode  voltage  in  order  to  minimize  
energy  consumption  during  electrochemical  disinfection.  
5.3.1.4  Sample  Plating  and  Total  Chlorine  Measurement  
The  sample  plating  procedure  and  total  chlorine  measurement  procedure  was  
the  same  as  that  describes  in  section  5.2.2.3  and  5.2.2.4.  
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5.3.1.5  Energy  Calculations  
The  formula  for  calculating  the  energy  for  disinfection  is  the  same  as  that  
described  in  section  5.2.3.4.  It  should  be  noted  that  the  time  “t”  in  the  formula  for  energy  
in  case  of  short-­‐‑time  and  pulsed  mode  operation  is  the  total  time  for  which  the  voltage  to  
the  electrode  is  ON.    
5.3.2 Results and Discussion 
5.3.2.1  Short-­‐‑time  Mode  at  6  V  
Previously,  with  continuous  ON  mode  at  6  V,  complete  disinfection  (no  
detectable  colonies)  was  achieved  in  30  minutes  (see  section  5.2.3.2).  In  the  short-­‐‑time  
mode  at  6  V,  the  electrode  voltage  was  turned  OFF  after  20  minutes  and  corresponding  
bacteria  count  and  total  chlorine  levels  were  measured  for  a  total  of  100  minutes.  
Although  the  electrode  voltage  was  turned  OFF  after  20  minutes,  the  pump  was  kept  
ON  for  100  minutes  to  allow  for  mixing  of  oxidants.    Figure  46  shows  that  there  was  
roughly  a  4-­‐‑log  reduction  in  CFU  count  in  100  minutes  but  it  did  not  drop  below  the  
WHO  recommended  level  of  103/100  mL.  The  total  chlorine  concentration  was  below  the  
detection  limit  during  this  time.  As  discussed  previously  in  section  5.2.3.2,  total  chlorine  
(sometimes  referred  to  as  “residual  chlorine”)  in  form  of  free  and  combined  chlorine  
appears  after  all  the  demand  for  chlorine  from  the  organics  and  nitrogen  compounds  
has  been  met.  Incomplete  disinfection  in  the  case  of  the  short-­‐‑time  mode  test  indicates  
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that  there  is  still  demand  for  the  chlorine  and  explains  the  absence  of  detectable  total  
chlorine.  
  
Figure  46:  E.  Coli  CFU  count  and  total  chlorine  concentration  versus  treatment  
time  for  short-­‐‑time  mode  operation  at  6  V  
5.3.2.2  Fifty  Percent  Duty  Cycle  Pulsed  Mode  at  6  V  
In  the  50%  duty  cycle  pulsed  mode  operation,  electrode  voltage  was  appliedin  
the  form  of  a  pulse  with  4  minutes  ON  time  and  4  minutes  OFF  time.  The  period  was  
thus  8  minutes.  A  total  of  5  pulses  were  applied  i.e.  a  total  ON  time  of  20  minutes  which  
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is  the  same  as  in  the  case  of  the  short-­‐‑time  mode.  The  pump  was  kept  ON  for  105  
minutes  (until  the  time  a  spike  in  total  chlorine  concentration  was  detected)  to  allow  for  
mixing  of  oxidants.  However  as  seen  in  Figure  47,  the  E.  Coli  count  fell  below  the  
disinfection  threshold  in  40  minutes.    
  
Figure  47:  E.  Coli  CFU  count  and  total  chlorine  concentration  versus  treatment  
time  for  50%  duty  cycle  pulsed  mode  operation  at  6  V  
Note  that  the  disinfection  threshold  only  relates  to  the  WHO  guidelines  for  
permissible  CFU  count  and  does  not  relate  to  the  total  chlorine  concentration.  A  spike  in  
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the  total  chlorine  concentration  was  observed  at  about  the  same  time  the  CFU  count  fell  
below  the  disinfection  threshold.  This  means  that  the  chlorine  demand  was  met  and  the  
organics  including  E.  Coli  were  removed  after  which  total  chlorine  was  detected.  The  
chlorine  demand  in  the  urine  consumes  chlorine  species  generated  during  the  ON  time.  
It  is  analogous  to  incremental  dosing  with  chlorine.  In  addition  to  the  chlorine  demand,  
in  pulsed  mode  the  oxidants  are  able  to  diffuse  and  come  in  contact  with  the  bacteria  
during  the  OFF  time.  For  inactivation  of  bacteria,  there  needs  to  be  a  certain  contact  time  
with  a  given  concentration  of  oxidants.  This  contact  time  depends  upon  the  bacteria  and  
the  oxidant  concentration.  Energy  waste  is  decreased  by  turning  OFF  the  voltage  and  
allowing  for  the  previously  generated  chlorine  to  diffuse  and  come  in  contact  with  the  
bacteria.  It  should  be  noted  that  in  this  mode  of  operation,  the  total  ON  time  was  the  
same  as  in  the  case  of  short-­‐‑time  mode.  However,  unlike  in  the  case  of  the  short-­‐‑time  
mode,  disinfection  was  achieved.    
5.3.2.3  Ten  Percent  Duty  Cycle  Pulsed  Mode  at  6  V  
In  the  10%  duty  cycle  pulsed  mode  operation,  electrode  voltage  was  applied  in  
the  form  of  a  pulse  with  48  seconds  ON  time  and  432  seconds  OFF  time.  The  period  was  
8  minutes.  A  total  of  25  pulses  were  applied;  i.e.,  a  total  ON  time  of  20  minutes,  which  is  
the  same  as  in  the  case  of  the  short-­‐‑time  mode  and  50%  duty  cycle  pulsed  mode.  The  
pump  was  kept  ON  for  185  minutes  (until  the  time  a  spike  in  total  chlorine  
  116  
concentration  was  detected)  to  allow  for  mixing  of  oxidants.  As  seen  in  Figure  48,  the  
CFU  count  fell  below  the  disinfection  threshold  in  100  minutes.    
  
Figure  48:  E.  Coli  CFU  count  and  total  chlorine  concentration  versus  treatment  
time  for  10%  duty  cycle  pulsed  mode  operation  at  6  V  
Just  as  in  case  of  the  50%  duty  cycle  pulsed  mode,  a  spike  in  total  chlorine  
concentration  was  observed.  However,  the  spike  appears  ~75  minutes  after  the  CFU  
count  drops  below  the  disinfection  threshold.  This  suggests  that  at  10%  duty  cycle,  it  
takes  longer  for  the  chlorine  demand  to  be  met.  Inactivation  of  bacteria  by  oxidants  
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depends  upon  the  product  of  the  concentration  of  the  oxidants  and  their  contact  time  
with  the  bacteria.  A  smaller  ON  time  may  cause  a  lesser  concentration  of  oxidants  to  be  
generated  but  the  longer  OFF  time  allows  for  more  time  for  diffusion  and  contact.  Thus,  
as  seen  in  Figure  49,  varying  duty  cycle  in  the  pulsed  mode  offers  a  trade-­‐‑off  between  
oxidant  concentration  and  contact  time.    
  
Figure  49:  Mechanism  of  disinfection  in  different  modes  of  operation  
The  energy  consumed  in  the  electrochemical  disinfection  process  was  calculated  
using  the  formula  stated  in  section  5.2.3.4.  In  the  energy  calculation,  the  energy  
consumed  by  the  pump  was  not  included  and  time  “t”  was  the  time  taken  for  the  CFU  
count  to  drop  below  the  disinfection  threshold.  Note  that  the  electrode  voltage  was  not  
ON  for  the  entire  duration  “t”  but  only  during  the  ON  time  of  the  pulse.  Based  on  that  
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duration,    Table  8  shows  the  disinfection  energy  and  disinfection  time  for  each  of  the  
operating  modes.  It  is  evident  that  the  energy  consumed  during  10%  duty  cycle  pulsed  
mode  operation  is  ~66%  less  than  that  in  continuous  ON  mode.  On  the  other  hand,  the  
time  required  for  disinfection  is  higher  in  pulsed  mode  as  compared  to  the  continuous  
mode.  
  Table  8:  Disinfection  energy  and  time  for  different  operating  modes  
Mode   Energy  for  Disinfection  
(Wh/L)  
Time  for  Disinfection  
(mins/L)  
Continuous  ON   5.59   15  
Short-­‐‑time   3.71*   NA*  
Pulsed  (50%  duty  cycle)   3.76   20  
Pulsed  (10%  duty  cycle)   1.91   48  
*  Disinfection  was  not  achieved  
It  is  clear  that  there  are  significant  energy  savings  by  operating  in  the  pulsed  
mode.  However  the  time  required  for  disinfection  needs  to  be  considered  while  selecting  
an  operating  mode  for  a  given  application  including  such  parameters  as  volume  of  
liquid  to  be  processed  and  time  between  uses.    
5.3.3 Summary 
In  summary,  it  was  demonstrated  that  the  energy  required  for  electrochemical  
disinfection  can  be  greatly  reduced  by  applying  the  electrode  voltage  for  short-­‐‑times  in  a  
pulsed-­‐‑fashion.  Pulsing  allows  for  diffusion  of  oxidants  and  contact  time  with  the  
pathogens  during  the  OFF  time  of  the  pulse.  In  this  mode,  the  oxidant  concentration  is  
optimized  for  more  effective  disinfection  as  compared  to  the  continuous  ON  mode.  With  
  119  
a  10%  duty  cycle  at  6  V,  ~66%  energy  savings  was  realized  as  compared  to  continuous  
ON  mode  at  the  same  voltage  for  the  same  volume  of  urine.    
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6. Summary, Conclusions and Future Work 
Following  were  the  main  conclusions  from  this  study:  
1. An  electrochemical  technique  was  developed  to  evaluate  energy  and  power  
performance  of  individual  electrodes  for  supercapacitor  applications.  This  allowed  
for  comparison  of  different  electrode  materials  without  constructing  packaged  
devices.  
2. Carbon  nanostructures  of  varying  morphology  were  synthesized  including  a  novel  
nanostructures  called  graphenated  carbon  nanotubes  (g-­‐‑CNTs).  These  foliates  
comprising  the  g-­‐‑CNTs  were  shown  to  enhance  capacitive  behavior  at  various  
frequencies.  .    
3. A  design  of  experiments  study  was  conducted  to  understand  the  parametric  control  
over  the  synthesis  process  in  the  MPECVD  system.  Carbon  nanostructures  with  
varying  morphology  were  obtained.  The  effects  of  morphological  variation  of  these  
nanostructures  on  their  electrochemical  behavior  were  studied.  Local  maximum  in  
capacitance  was  obtained  in  the  temperature  regime  that  resulted  in  g-­‐‑CNT  growth  
during  this  study  (925-­‐‑1050  °C),  indicating  that  the  presence  of  graphene-­‐‑like  foliates  
improves  the  capacitance  of  the  material.  
4. Electrochemical  disinfection  of  human  liquid  waste  by  using  BDD  electrodes  and  
techniques  to  minimize  energy  consumption  are  also  discussed.  Finally,  directions  
for  future  work  are  identified  including  development  of  novel  CNTs  and  
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preliminary  data  for  photoelectrochemical  disinfection  of  E.  Coli  spiked  liquid  using  
TiO2  nanowires  are  discussed.    
6.1 Summary and Conclusions 
6.1.1 Technique to obtain Ragone plot for carbon nanostructure 
electrodes 
A  galvanostatic  charge-­‐‑discharge  technique  was  developed  to  evaluate  the  
energy  and  power  performance,  in  the  form  of  Ragone  plots,  of  individual  
nanostructured  electrodes  in  a  lab-­‐‑scale  three-­‐‑terminal  electrochemical  system.  This  
technique  has  been  adapted  from  a  similar  technique  developed  for  evaluation  of  
commercial,  packaged  two-­‐‑terminal  capacitors.  The  technique  reported  in  the  present  
work  allows  for  evaluation  of  energy  and  power  density  of  individual  electrodes  rather  
than  a  packaged  device.  It  facilitates  engineering  of  electrodes  by  allowing  investigation  
of  individual  electrochemical  performance  for  double  layer  charge  storage.  Moreover,  it  
allows  the  construction  of  a  Ragone  plot,  which  allows  for  comparison  with  other  energy  
storage  systems  or  materials  that  employ  different  technologies  such  as  Li-­‐‑intercalation,  
superconducting  magnetic  energy  storage  (SMES),  and  hydrogen  fuel  cells.  
6.1.2 Growth and electrochemical behavior of g-CNTs 
The  relationship  between  specific  capacitance  and  both  CNT-­‐‑diameter  and  inter-­‐‑
CNT  spacing  was  investigated  for  vertically  aligned  CNTs.  Controlling  the  pretreatment  
time  during  growth  in  the  MPECVD  system  varied  the  CNT-­‐‑diameter  and  inter-­‐‑CNT  
spacing.  It  was  found  that  the  specific  capacitance  increased  from  70  F/g  to  228  F/g  as  the  
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value  of  the  two  morphological  parameters  decreased.  This  significant  increase  in  
specific  capacitance  was  attributed  to  an  increase  in  surface  area  via  a  reduction  in  pore  
size.  Based  on  these  results  and  literature  reports,  a  qualitative  trend  was  proposed  that  
related  specific  capacitance  of  carbon  materials  to  their  pore  size.    This  relationship  
spanned  the  macroporous  to  nanoporous  regime.  According  to  this  proposed  trend,  
specific  capacitance  does  not  increase  monotonically  with  decreasing  pore  size.  The  
trend  changes  because  different  mechanisms  are  dominant  at  different  pore  size  
regimes.    
6.1.3 Disinfection of human liquid waste using BDD anode 
Synthesis  of  a  novel  carbon  nanostructure  described  as  graphenated  CNTs  in  the  
MPECVD  system  was  reported.  This  nanostructure  consists  of  graphene  foliates  
growing  on  the  outer  sidewalls  of  multiwalled  CNTs.  It  was  possible  to  control  the  
density  of  foliates  by  controlling  the  deposition  time.  The  effect  of  varying  g-­‐‑CNT  foliate  
density  on  their  electrochemical  behavior  was  investigated.  It  was  found  that  the  there  
was  an  increase  in  capacitance  and  decrease  in  charge  transfer  resistance  as  foliate  
density  increased.    To  gain  a  better  understanding  of  the  effect  of  growth  parameters  on  
morphology  and  of  morphology  (variation  in  CNT  diameter,  inter-­‐‑CNT  spacing  and  
foliate  density  variation  in  g-­‐‑CNTs)  on  properties,  a  design  of  experiments  study  to  
investigate  the  range  of  morphological  variation  possible  in  the  parametric  space  for  
MPECVD  growth  was  conducted.  A  variety  of  carbon  nanostructures  ranging  from  
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vertically  aligned  CNTs  to  carbon  nanosheets  were  grown.  Electrochemical  analysis  
revealed  that  specific  capacitance  increased  with  increasing  defects  (peak  ID/IG  Raman  
ratio).  Crystallite  size  was  also  calculated  from  Raman  data  utilizing  the  Tuinstra-­‐‑
Koenig  (TK)  relation.  A  similar  inverse  relationship  was  found  to  exist  between  
crystallite  size  and  capacitance.  Thus  higher  defect  density  in  MPECVD  synthesized  
carbon  nanostructures  led  to  an  increase  in  capacitance.    
A  BDD  anode  was  employed  to  disinfect  synthetic  human  liquid  waste  for  
application  in  a  new  energy-­‐‑neutral,  water-­‐‑free,  additive-­‐‑free  toilet  being  developed  for  
the  developing  world.  BDD  anodes  facilitate  the  electrochemical  generation  of  mixed  
oxidants,  including  free  and  combined  chlorine.  Some  of  these  oxidants,  such  as  chlorine  
species  and  hydroxyl  radicals,  have  disinfection  capability.  This  leads  to  reduction  in  E.  
Coli  CFU  count.  
The  effect  of  small  quantities  of  suspended  synthetic  fecal  matter  particles  was  
also  studied.  It  was  observed  that  up  to  2%  w/v  fecal  matter  had  no  significant  effect  on  
disinfection  time.  Short  time  and  pulsed  mode  operation  for  disinfection  were  studied  
with  the  goal  of  reducing  energy  consumption  during  disinfection.  There  was  up  to  66%  
energy  saving  at  a  10%  duty  cycle  (pulsed  mode),  compared  to  continuous  electrode  
operation  at  the  same  voltage.  This  increase  in  efficiency  was  mainly  attributed  to  the  
diffusion  and  higher  contact  time  of  oxidants  with  the  bacteria  during  the  OFF  time  of  
the  pulse  train.  
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6.2 Direction for Future Work 
6.2.1 Atomic Layer Deposition on CNTs 
Atomic  layer  deposition  (ALD)  allows  deposition  of  atomically  thin  layers  onto  
three-­‐‑dimensional  scaffolds  with  very  precise  control.  It  is  a  self-­‐‑limiting  process  that  
provides  highly  conformal  coating  and  has  a  large  chemistry  library.  There  is  great  
potential  for  atomic  layer  coated  CNTs  in  various  application  ranging  from  solar  cells  
(175)  to  transistors  and  logic  devices  (176).  The  in-­‐‑house  ALD  capability  employed  in  
this  study  allowed  for  deposition  of  a  variety  of  materials,  such  as  TiO2,  Pt,  and  RuO2,  
onto  CNTs,  g-­‐‑CNTs,  and  CNSs.    A  TEM  image  of  CNTs  coated  with  a  thin  layer  of  TiO2  
using  ALD  shows  the  conformal  nature  and  uniformity  of  the  film  (Figure  50).  
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Figure  50:  TEM  image  of  multiwalled  CNTs  coated  with  TiO2  using  ALD  
Pt  ALD  coated  g-­‐‑CNTs  have  potential  application  as  neural  stimulation  
electrodes  and  anode  material  for  mixed  oxidant  generation.  g-­‐‑CNTs  coated  with  a  thin  
layer  of  high-­‐‑k  materials  can  potentially  mitigate  leakage  current  through  foliate  edges  
and  serve  as  a  good  electrode  for  supercapacitors.  Similarly,  ALD  coatings  of  
pseudocapacitive  materials  on  CNTs  and  g-­‐‑CNTs  can  greatly  improve  specific  
capacitance.  I  recommend  that  ALD  be  utilized  for  coating  MWCNT  with  
pseudocapacitive  material  such  as  MnO2  or  RuO2  to  enhance  capacitive  performance.    
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Furthermore,  ALD  coating  with  dielectric  material  such  as  Al2O3  on  g-­‐‑CNTs  can  be  used  
to  minimize  leakage  from  foliates.  
6.2.2 Photoelectrochemical Disinfection using TiO2 nanowires 
Preliminary  work  has  been  performed  to  evaluate  whether  photoelectrochemical  
(PEC)  disinfection  is  a  viable  technique  for  disinfection  of  human  liquid  waste.  Solar  
energy  is  the  most  abundant  source  of  energy  available  on  earth  Figure  51  (177).  If  this  
readily  available  source  of  energy  is  harnessed  PEC  generation  of  oxidants,  the  need  for  
external  electrical  overpotential  is  reduced,  thereby  significantly  increasing  energy  
efficiency.    
  
  Figure  51:  Solar  energy  output  compared  to  other  sources  of  energy  on  earth  
(177)    
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The  electrode  used  to  evaluate  PEC  disinfection  was  TiO2  nanowires  on  a  
fluorine  doped  tin  oxide  (FTO)  substrate  (see  Figure  52).  The  setup  included  a  three  
terminal  electrochemical  cell  with  a  window  to  shine  simulated  solar  light  obtained  from  
a  Xenon  light  source  with  1.5  airmass  filter  with  an  intensity  of  100  mW/cm2.  The  
counter  electrode  was  Pt  mesh  and  the  reference  electrode  was  Ag/AgCl  (sat’d.).  
Initially,  the  PEC  electrode  was  tested  with  200  mL  9  g/L  NaCl  solution,  9  g/L  NaCl  
solution  with  0.5  M  urea,  and  synthetic  urine  from  the  recipe  describes  in  section  5.2.1.3.  
No  bacteria  were  added.    
  
Figure  52:  SEM  image  of  PEC  electrode  consisting  of  TiO2  nanowires  on  FTO  
substrate  (top  view)  
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An  external  bias  of  0.2  V  was  applied  on  the  working  electrode  versus  the  
reference  electrode.  Samples  were  drawn  at  regular  intervals  after  the  start  of  the  
experiment  to  measure  the  total  chlorine  concentration  using  the  technique  described  in  
section  5.2.2.4.  Figure  53  shows  a  plot  of  total  chlorine  concentration  versus  treatment  
time  for  a  TiO2-­‐‑FTO  PEC  electrode  in  various  electrolytes  as  described  above.    
  
Figure  53:  Total  chlorine  concentration  versus  treatment  time  for  TiO2-­‐‑FTO  
electrode  in  9  g/L  NaCl,  9  g/L  NaCl  +  0.5  M  urea,  and  synthetic  urine.  
The  rate  of  generation  of  chlorine  species  was  highest  with  NaCl.  The  urea  
present  in  NaCl  +  urea  has  a  lower  oxidation  potential  than  chlorine  evolution  and  hence  
the  rate  of  chlorine  species  generation  was  lower.  Finally,  synthetic  urine  consists  of  uric  
acid  apart  from  urea  and  other  chemicals.  Uric  acid  also  has  an  oxidation  potential  lower  
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than  that  of  chlorine  evolution  and  so  it  had  the  lowest  rate  of  chlorine  species  
generation.  Hence  the  disinfection  rate  may  be  lower  in  urine  than  NaCl  +  urea.  
To  demonstrate  PEC  disinfection  using  TiO2-­‐‑FTO  electrode,  200  mL  9  g/L  NaCl  
solution  was  spiked  with  E.  Coli  obtained  from  centrifuged  and  washed  incubated  broth.  
The  starting  concentration  of  E.  Coli  was  ~5x1010  CFU/100  mL.  Figure  54  shows  that  over  
a  period  of  25  hours,  the  PEC  process  was  able  to  cause  reduction  in  E.  Coli  CFU  count  
when  compared  to  the  control  sample  kept  at  ambient  dark  conditions.  
  
Figure  54:  E.  Coli  CFU  concentration  versus  treatment  time  for  PEC  treatment  9  
g/L  saline  spiked  with  E.  Coli  and  a  control  sample  kept  in  ambient  dark  conditions  
While  the  PEC  process  can  be  used  for  disinfection,  even  with  just  NaCl  solution  
the  disinfection  rate  was  not  very  high.  It  would  be  even  lower  when  tested  in  synthetic  
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urine  due  to  the  side  reactions  of  oxidation  of  urea  and  uric  acid.  Further  research  is  
required  to  select  an  electrode  material  that  can  absorb  light  across  a  broad  spectrum  
and  generate  a  photocurrent  that  can  overcome  side  reactions  and  generate  enough  
disinfecting  oxidants.  Moreover,  the  effect  of  turbidity  due  to  suspended  fecal  matter  
particles  will  also  need  to  be  investigated.  Finally,  an  appropriate  electrode  material  
would  need  to  be  selected  and  tested  with  high  volume  of  turbid  human  liquid  waste  
that  can  be  treated  within  a  reasonable  amount  of  time.    
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Appendices 
Appendix A: Experimental Details of Design of Experiments 
Study 
The  full  experimental  design  incorporated  temperature,  gas  ratio,  pretreatment  time,  
deposition  time,  and  catalyst  thickness  as  factors;  and  capacitance,  Raman  D/G  ratio,  
CNT  diameter,  presence  of  CNTs,  presence  of  CNSs,  and  second  order  Raman  scattering  
from  Si  as  responses.  The  DOE  design  was  full  factorial  and  the  roles  and  ranges  of  the  
factors  are  given  in  Figure  55.  Note  that  the  values  of  pretreatment  time  and  growth  
time  are  natural  logarithm  values.  
  
Figure  55:  Role  and  ranges  of  the  factors  included  in  the  DOE  study  
Based  on  these  parameters  a  parameter  space  was  defined  using  JMP  software.  The  full  
list  of  experiments  is  listed  in  Table  9.  









Growth  Time  (s)  
750   725.96   1   5   29.96  
925   210.61   4.5   5   119.70  
1100   4.95   8   1   478.19  
925   210.61   4.5   5   119.70  
925   4.95   4.5   5   478.19  
1100   8955.29   1   1   478.19  
925   210.61   1   5   478.19  
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750   4.95   4.5   10   478.19  
750   8955.29   4.5   5   478.19  
925   8955.29   1   10   29.96  
925   210.61   4.5   5   119.70  
1100   210.61   4.5   5   29.96  
925   8955.29   8   5   29.96  
1100   3018.45   8   10   478.19  
750   4.95   1   1   29.96  
750   210.61   8   1   478.19  
750   4.95   8   5   29.96  
1100   4.95   1   10   119.70  
1100   8955.29   5   5   119.70  
1100   4.95   5   5   119.70  
800   8955.29   2   5   119.70  
800   4.95   2   5   119.70  
800   8955.29   5   5   119.70  
800   4.95   5   5   119.70  
1100   8955.29   2   5   119.70  
  
Appendix B: Model Electrolyte Study for Electrochemical 
Analysis of Synthetic and Real Urine 
In  order  to  compare  the  electrochemical  properties  of  synthetic  urine  with  real  
urine,  various  electrochemical  tests  were  performed.  First,  CV  scans  were  performed  in  a  
three-­‐‑terminal  cell  consisting  of  a  BDD  wafer  as  the  working  electrode,  Pt  mesh  as  
counter  electrode  and  saturated  Ag/AgCl  reference  electrode.  The  electrolytes  that  were  
analyzed  were  synthetic  urine  (same  recipe  as  in  section  5.2.1.3)  and  real  human  urine  
collected  anonymously  using  appropriate  protocol.  Two  types  of  real  urines  were  used  –  
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(1)  fresh  human  urine  (<  48  hours  since  collection)  and  (2)  stale  human  urine  (>  1  week  
after  collection).    
Figure  56  shows  the  CV  scan  of  the  three  types  of  urine.  There  was  a  peak  in  the  
positive  scan  at  ~0.6  V  for  synthetic  and  real  fresh  urine.  This  peak  was  well  attenuated  
for  real  stale  urine.  It  is  likely  that  the  reaction  at  ~0.6  V  was  not  present  in  real  stale  
urine.  It  is  important  to  identify  this  reaction  since  it  will  subvert  the  applied  charge  
from  chlorine  and  hydroxyl  evolution  reactions.    
  
Figure  56:  CV  scans  of  synthetic,  real  fresh  and  real  stale  urine  in  a  three-­‐‑
terminal  cell  at  100  mV/s  with  BDD  wafer  as  working  electrode,  Pt  mesh  as  counter  
and  saturated  Ag/AgCl  as  reference  electrode.  
The  solution  resistance  of  synthetic  urine,  real  fresh  urine  and  real  stale  urine  
were  measured  from  the  Nyquist  plots  in  the  same  setup  as  that  in  Figure  56.  Table  10  
shows  the  solution  as  measured  at  200  kHz.  It  is  evident  that  the  solution  resistance  of  
synthetic  urine  and  real  fresh  urine  are  similar.    
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Table  10:  Solution  resistance  of  synthetic  and  real  human  urine  from  Nyquist  
plot  at  200  kHz  
Electrolyte   Solution  resistance  from  Nyquist  plot  at  200  kHz  
Synthetic  urine   230  Ω  
Real  fresh  urine   197  Ω  
Real  stale  urine   436  Ω  
Appendix C: Oxidation of Uric Acid 
To  further  investigate  the  reaction  causing  the  peak  observed  in  Figure  56,  a  
three-­‐‑terminal  tests  were  conducted  with  BDD  working  electrode,  Pt  mesh,  saturated  
Ag/AgCl  reference  and  two  different  electrolytes  –  (a)  synthetic  urine  without  urea,  uric  
acid,  sodium  citrate  and  creatinine  and  (b)  synthetic  urine  without  urea,  creatinine  and  
sodium  citrate.  The  corresponding  CV  scans  were  compared  to  the  one  from  CV  scan  of  
synthetic  urine  in  Figure  56.  The  three  CV  scans  are  shown  in  Figure  57.  It  is  evident  that  
the  peak  appears  only  in  the  recipe  with  uric  acid  present  and  is  absent  in  any  other  




Figure  57:  CV  scans  of  model  electrolytes  of  synthetic  urine  in  a  three-­‐‑terminal  
cell  at  100  mV/s  with  BDD  wafer  as  working  electrode,  Pt  mesh  as  counter  and  
saturated  Ag/AgCl  as  reference  electrode.  
The  oxidation  peak  for  uric  acid  has  been  reported  in  literature  (178).  Figure  58  
(178)  shows  the  CV  scan  of  0.3  mM  uric  acid  in  1  M  acetic  acid  at  the  graphite  electrode  
and  standard  calomel  reference  electrode.  There  is  a  clear  peak  ~0.58V  that  is  associated  
with  oxidation  of  uric  acid.  
  
Figure  58:  CV  scan  of  0.3  mM  uric  acid  in  1  M  acetic  acid  at  the  graphite  
electrode  and  standard  calomel  reference  electrode  and  Pt  counter  electrode  (178)  
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Appendix D: Oxidation of Urea 
Apart  from  oxidation  of  uric  acid,  urea  also  undergoes  oxidation  at  0.55  V  vs.  
Hg/HgO  (179).  Figure  59  (179)  shows  the  anodic  CV  scan  in  5  M  KOH  and  5  M  KOH  +  
0.33  M  urea  with  a  Ti  foil  working  electrode,  Pt  foil  as  counter  and  Hg/HgO  reference  
electrode.  It  is  clear  that  there  is  broad  anodic  wave  in  the  solution  containing  urea  as  
opposed  to  that  without  urea  at  ~0.55  V.  
  
Figure  59:  Anodic  CV  scan  in  5  M  KOH  and  5  M  KOH  +  0.33  M  urea  with  a  Ti  
foil  working  electrode,  Pt  foil  as  counter  electrode  and  Hg/HgO  reference  electrode  
(179)  
The  oxidation  of  urea  yields  nitrogen,  hydrogen  and  carbon  dioxide  gas  
according  to  the  equation  below:  
CO(NH2)2(aq)  +  H2O(l)  à  N2(g)  +  3H2(g)  +  CO2(g)    
Oxidation  of  urea  was  investigated  by  CV  at  50  mV/s  in  9  g/L  NaCl  solution  and  
9  g/L  NaCl  +  0.5  M  urea  solutions  with  BDD  wafer  as  working  electrode,  Pt  mesh  as  
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counter  electrode  and  saturated  Ag/AgCl  as  reference  electrode.  As  seen  in  the  CV  scan  
in  Figure  60  there  was  an  increase  in  background  current  in  the  NaCl  solution  
containing  urea  versus  the  one  without.    
  
Figure  60:  CV  scan  of  9  g/L  NaCl  solution  and  9  g/L  NaCl  +  0.5  M  urea  
solutions  with  BDD  wafer  as  working  electrode,  Pt  mesh  as  counter  electrode  and  
saturated  Ag/AgCl  as  reference  electrode  
To  confirm  the  presence  of  urea  oxidation  peak,  EIS  data  was  collected  at  0  V  
versus  OCP  in  the  same  setup  as  that  in  Figure  60.  There  is  a  change  in  the  low  
frequency  side  of  the  Nyquist  plot  at  0.55  V  vs.  OCV.  This  change  is  not  observed  at  0  V  
vs.  OCV.  This  confirms  the  presence  of  a  urea  related  reaction  at  0.55  V  vs.  OCV.  
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Figure  61:  Nyquist  plot  of  9  g/L  NaCl  solution  and  9  g/L  NaCl  +  0.5  M  urea  
solutions  with  BDD  wafer  as  working  electrode,  Pt  mesh  as  counter  electrode  and  
saturated  Ag/AgCl  as  reference  electrode  at  (a)  0  V  bias  and  (b)  0.55  V  bias  
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